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Abstract 
Effective monitoring is a critical component of wildlife management. The conservation of the 
enigmatic northern hopping-mouse (Notomys aquilo) has been impeded by poor understanding of 
the species’ ecology; an issue compounded by the lack of appropriate survey methods. Within a 
genus of largely arid-dwelling rodents, N. aquilo is the only extant species in Australia’s northern, 
monsoonal tropics where it is likely restricted to Groote Eylandt and a small area on the adjacent 
mainland. Surveys for N. aquilo have traditionally involved recording the location and abundance 
of indirect signs, as the species is trap-shy towards box-style traps, such as Elliott traps. One of the 
most important signs is the ‘spoil heap’ left by the construction of hopping-mouse burrows. Recent 
surveys for N. aquilo have relied almost entirely upon the identification of spoil heaps; however, the 
effectiveness of these methods has been questioned. This study aimed to fill key gaps in this 
knowledge by: (1) evaluating the effectiveness of spoil heap surveys for determining the presence 
and abundance of N. aquilo; (2) developing more-reliable survey methods for N. aquilo and 
sympatric vertebrates; and (3) describing the general ecology of N. aquilo with views to its 
conservation on Groote Eylandt.     
A novel use of video camera traps allowed the recording of burrow construction by N. aquilo. This 
confirmed that conspicuous spoil heaps are associated with N. aquilo burrows and these remain 
visible many months after construction is complete. However, further monitoring confirmed that the 
sympatric delicate mouse (Pseudomys delicatulus) constructs similar burrows to N. aquilo on 
Groote Eylandt and spoil heaps made by the two species cannot reliably be differentiated in field 
surveys. These results emphasised the pressing need for unambiguous survey methods for N. aquilo 
and suggested that the abundance of the species has potentially been overestimated in the past.  
Camera trapping and pitfall trapping were identified as possible alternative methods for monitoring 
N. aquilo. An experiment was conducted to determine if the rate of detection of N. aquilo and other 
mammals could be increased by the use of a particular bait at camera trap stations. Detection rates 
for N. aquilo were low and no significant effect of bait type was found for this species. However, 
sesame oil resulted in the equal highest number of N. aquilo detections, had better longevity, and 
attracted fewer non-target bandicoots than other baits trialled and, therefore, may be the most useful 
bait for standardised camera trapping surveys targeting N. aquilo. Trapping with three different 
sized pitfall traps was conducted in two different habitats over two years. The results from this 
study demonstrate that general fauna surveys may benefit from the use of a deep, wide pitfall trap 
that is effective in capturing herpetofauna as well as rare mammals such as N. aquilo. 
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The general ecology of N. aquilo was described using pitfall trapping and radio-tracking. It was 
found that N. aquilo, like its relative Notomys alexis, displays female-biased sexual size 
dimorphism; an uncommon trait in murid rodents. Radio-tracked individuals utilised discrete home 
ranges of 0.39–23.95 ha and used open microhabitat proportionally more than was available. 
Camera trapping was more effective than live trapping at estimating abundance and could be 
employed with lower effort and long term costs. A combination of sampling techniques confirmed 
the presence of N. aquilo in three out of 32 locations on Groote Eylandt. This illustrated a stark 
decline in the abundance and distribution of this species on the island that was once thought to be its 
stronghold. Further investigation was conducted into the ecology of N. aquilo and sympatric 
mammals by analysing data from camera trap images collected over three years. Diel activity 
patterns of five species of small mammal were estimated. Analyses provided insight into how 
different species, all physiologically entrained to nocturnality, show varying levels of plasticity in 
response to environmental factors such as season and habitat.  
This study made significant advances in the understanding of the ecology and conservation of the 
poorly understood N. aquilo as well as improved survey methods for a number of north Australian 
vertebrates. The results can be used to develop more-constructive conservation and monitoring 
strategies for these species. Importantly, the previously inferred decline of N. aquilo has been 
confirmed by the results of this study and recommendations are provided for a change in 
conservation status from ‘vulnerable’ to ‘endangered’ under the Environment Protection and 
Biodiversity Conservation Act 1999.      
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…conventional trapping methods were utterly unsuccessful with this species. The mice showed no 
interest in any of various baits tried and their only reaction to traps was to kick sand on them. 
 
 
 
 
 
 
 
 
 
David H. Johnson 
Notomys carpentarius [aquilo] 
Mammals of the Arnhem Land expedition, 1964 
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Introduction to chapters 
 
Preamble 
In 2011, the Groote Eylandt Mining Company (GEMCO) approached Australian universities with 
an offer to fund a PhD project on the northern hopping-mouse, Notomys aquilo. This threatened 
rodent had previously been recorded within mining and exploration leases on the island; however, 
the most basic information on its ecology and life history were unknown. This was an impediment 
to mitigating any potential impacts of mining on the species. 
The original aim of the proposed study was to refine monitoring methods for N. aquilo, document 
its ecology, and explore mitigation strategies for the potential impacts of mining. However, soon 
after the project’s initiation, it became apparent that recommended survey techniques for N. aquilo 
were not useful in detecting the species and had potentially contributed to misinformation of its 
abundance and distribution on Groote Eylandt. Because of this, merely locating a population of N. 
aquilo on which to conduct methodological experiments was much more difficult than anticipated. 
Consequently, the focus of the study shifted to critically evaluating the effectiveness of abundance 
indices for N. aquilo, developing new and effective monitoring techniques, and filling gaps in 
knowledge of the species’ ecology with views to its conservation on Groote Eylandt. The methods 
employed in this research consequently collected data on a range of non-target species, some of 
which are of conservation concern, such as the northern quoll. As some of these sympatric animals 
are of ecological relevance to N. aquilo due to being potential predators, competitors, or are likely 
to be sampled concurrently with N. aquilo in future work, selected data on non-target species are 
included in this thesis. 
Structure of this thesis 
In Chapter 1, I evaluate potential survey methods for N. aquilo by reviewing the ecology of 
Notomys spp. and the methods researchers employ to study them and other cryptic mammals. 
Chapter 2 contains the results of video camera trapping to record the burrowing behaviour of 
rodents on Groote Eylandt to critically determine if spoil heaps can be used to indicate the presence 
or abundance of N. aquilo. Aside from this purpose, these papers were the first to document the 
burrowing behaviour of wild Australian murids and are additionally useful for their contribution to 
knowledge of the behavioural ecology of this group.  
 xix 
 
Chapter 3 presents research which aimed to develop improved monitoring methods for N. aquilo 
and sympatric vertebrates with the use of camera traps and pitfall traps. The methods tested in this 
chapter were used to describe the ecology of N. aquilo with views to its conservation in Chapter 4. 
Chapter 4 contains the bulk of the data collected specifically on N. aquilo from live trapping, 
camera trapping, radio tracking as well as the current known distribution of the species on Groote 
Eylandt. Further new ecological data on N. aquilo and sympatric mammals are presented in Chapter 
5 which describes the temporal activity patterns of these species from camera trap data collected 
throughout the study. General implications of the research are summarised in Chapter 6 and 
recommendations are made for future studies and the conservation of N. aquilo.   
In the Appendices, I have included a published manuscript that highlights some of the inherent 
ethical considerations of live trapping threatened species. I also include a report prepared for 
GEMCO on recommended techniques for detecting N. aquilo in defined areas such as those to be 
cleared for mining. This report also contains and a photographic index to field signs and camera 
trap detections, which may be useful to further research. The final inclusion in the appendix is the 
nomination form in which I have recommended the change of status of N. aquilo from vulnerable to 
endangered under the EPBC Act 1999.     
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Introduction 
Sound ecological knowledge of threatened species is imperative for the achievement of 
conservation objectives. Unfortunately, gaining such knowledge can be problematic if target 
animals are rare, cryptic, or difficult to capture and such traits are inherent in many species of 
conservation concern. It follows that effective monitoring techniques are a critical component of 
conservation and at times, new and innovative strategies must be employed by researchers to fill 
gaps in knowledge of threatened species ecology.  
Many monitoring techniques for cryptic vertebrates may be broadly suited to a range of species and, 
therefore, used in general fauna surveys. For example, camera traps have become an important tool 
for the inventory of wildlife in Australia (Meek et al. 2015) and many surveys still rely largely on 
conventional live traps such as Elliott and pitfall traps (Tasker and Dickman 2002; Thompson 
2007). Conversely, survey methodology can be tailored specifically depending on a species’ 
physiology and behaviour. Examples of this are the use of predator calls to attract flying squirrels 
(Babu and Jayson 2009) or the development of artificial retreats for arboreal lizards (Bell 2009). 
The process of developing suitable survey methods for cryptic species can be a frustrating process 
of trial and error for researchers. 
Rodents of the genus Notomys (hereafter collectively referred to as hopping-mice) are among the 
most recognisable of Australian small mammals. Members of the genus are distinguished by their 
greatly elongated hind feet, large ears and eyes, long tufted tail and by their bipedal hopping gait 
(Watts and Aslin 1981). The northern hopping-mouse, N. aquilo, is an enigmatic animal that is 
unusually difficult to capture or study by conventional methods (Woinarski et al. 1999). What is 
known of the ecology of this species has largely been derived from observations of the distribution 
of burrow systems and inference from some of its better studied congeners. While other hopping-
mouse species are readily captured in standard mammal traps, N. aquilo appears to be uniquely 
trap-shy with several researchers commenting on its reluctance to enter traps (Johnson 1964; 
Woinarski and Flannery 2008; Woinarski et al. 1999). Although it has been reported that N. aquilo 
is locally common on Groote Eylandt (Woinarski et al. 1999), captures and sightings are 
remarkably scant, with only three animals caught in live traps in the last 50 years (Mahney et al. 
2009; Woinarski et al. 1999). The vast majority of specimens and direct observations of non-captive 
individuals have come from the highly destructive excavation of the animals’ burrow systems 
(Dixon and Huxley 1985; Johnson 1964; Ward 2014). This may be counterproductive when the 
ultimate goal of such studies is informing conservation strategies. The lack of baseline ecological 
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data and effective monitoring methods for N. aquilo has hampered conservation efforts, and 
progress in these fields is critical for the future management of the species. 
The aim of this review is to explore potential methods to monitor populations of N. aquilo. As there 
is a paucity of knowledge in the literature for this particular species, I will review ecological 
attributes of other members of the genus and the techniques used to study wild populations of them. 
I will also examine monitoring methods for other cryptic vertebrates and discuss their potential for 
use on N. aquilo. The results will be used to direct ecological studies of N. aquilo on Groote 
Eylandt, and these in turn will aid conservation and management of this cryptic, threatened rodent. 
Ecology of hopping-mice 
Conservation status and threats 
The genus Notomys has suffered more extinctions in modern times than any other rodent genus in 
Australia (Breed and Ford 2007). Half of the ten described species are extinct and a further three are 
listed as threatened on national or international listings (Table 1.1). Processes that threaten native 
rodents are essentially unknown for many species (Cole and Woinarski 2000; Dickman et al. 2000), 
although patterns have been observed for those with similar physical or ecological attributes (Smith 
and Quin 1996). Experimental studies of threatening processes to hopping-mice are few and 
restricted to certain species, though some researchers have demonstrated non-native predators to be 
important population regulators. Negative impacts on populations may be incurred by direct 
predation by cats (Felis catus) and foxes (Vulpes vulpes) (Dickman 1996; Moseby et al. 2009) or a 
positive influence may result from the control of these mesopredators by dingoes (Canis lupus 
dingo) (Letnic and Dworjanyn 2011; Letnic and Koch 2010; Moseby et al. 2006). Dickman (1996) 
ranked hopping-mice as highly susceptible to cat predation based on factors such as their size, 
behaviour, locomotion and preferred habitat. Introduced herbivores, especially grazing livestock, 
may degrade habitat, trample burrow systems and compete for food resources (Brandle et al. 2008; 
Moseby et al. 1999; Moseby et al. 2009; Woinarski 2004). Land clearing and associated 
fragmentation of habitat can leave populations of hopping-mice more susceptible to stochastic 
events (Morris et al. 2008b). Inappropriate burning practices may reduce habitat suitability and food 
(seed) resources (Pastro et al. 2011), while changing rainfall patterns associated with climate 
change may be a threat to many arid zone mammals (Brandle et al. 2008). Importantly, while some 
specific threats to species can be demonstrated, drivers of extinction and population decline are 
usually a composite of complex and interacting factors (Dickman et al. 2000). It is evident that 
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there is a paucity of knowledge of threatening processes to hopping-mice and this is an obstacle to 
developing effective conservation strategies.  
In 2004 a national multi-species recovery plan was published for N. aquilo and two threatened 
marsupials (Woinarski 2004). The author noted that the lack of ecological data for these species 
seriously impedes the scope for management. As such, the attainment of the required knowledge 
would be a critical step towards the recovery of these species to a secure conservation status. Diet, 
habitat, resource availability, reproductive biology and threats were highlighted as important study 
areas for N. aquilo. The recovery plan also listed key actions that would likely provide the greatest 
benefit to these threatened species and other organisms within their shared ecosystems. These 
actions were:  
 improved fire management trending towards fine-scale patch burning rather than 
uncontrolled broad-scale fires; 
 better quarantine protection against new threats to island populations; and  
 reduction and management of feral cat numbers.
  
 
Table 1.1 Conservation status of, and potential threats to, hopping-mice. Status is given from listings under the Environment Protection and 
Biodiversity Conservation Act 1999 (EPBC) and from the International Union for Conservation of Nature, Red List of Threatened Species (IUCN).  
 
  Status Potential threats   
Species EPBC IUCN 
Introduced 
predators 
Introduced 
herbivores 
Land 
clearing Fire References 
N. alexis - LC X       Morris et al. 2008a 
N. amplus Ex Ex X X  X Baillie 2008a; NRETAS 2006b 
N. aquilo V En X  X X Woinarski 2004; Woinarski 2008 
N. cervinus - V X X   Brandle et al. 2008 
N. fuscus V V X X   Dickman et al. 2000; Moseby and Menkhorst 2008 
N. longicaudatus Ex Ex X X  X Morris and Burbidge 2008a; NRETAS 2006a 
N. macrotis Ex Ex X  X  Morris and Burbidge 2008b 
N. mitchellii - LC  X X  Morris et al. 2008b 
N. mordax Ex Ex X    Baillie 2008b 
N. robustus* - - Unknown Mahoney et al. 2008 
* Known only from skeletal remains in owl pellets; presumed to have become extinct within the last 200 years 
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The scope of the recovery plan was the five year period from 2004 to 2008. However, to date, none 
of the key actions have been initiated for N. aquilo and only a small number of non-specific surveys 
for the species have been conducted by government (Mahney et al. 2009; Ward 2009; Ward 2014) 
and private (Firth 2008; Smith 2009a; Smith 2009b) agencies. Unfortunately, this lack of action is 
not unusual as many threatened species recovery plans fail to meet their conservation objectives or 
are not implemented at all (Shields 2004). This is contributing to what some scientists are calling a 
new wave of mammalian extinctions in Australia (Flannery 2012). A recent and disappointing 
example was the extinction of the Christmas Island pipistrelle (Pipistrellus murrayi), despite 
monitoring of its decline and a detailed recovery plan which failed to stimulate recovery action 
(Martin et al. 2012; Schulz and Lumsden 2004). Detailed ecological research of N. aquilo was 
recommended over 20 years ago (Webb 1992) but has only commenced with the current PhD study. 
Distribution, habitat and population drivers 
The highly recognisable appearance of hopping-mice is a consequence of a suite of physical 
adaptations to the largely dry and unpredictable environments of Australia. The elongated tail and 
hind feet allow for saltatory locomotion which is associated with energy efficiency in low 
productivity landscapes (Sawson 1976). The large ears dissipate heat, while minimal fluid loss in 
urine and faeces allows the animals to survive without drinking water (Breed and Ford 2007). The 
semi-fossorial behaviour of hopping-mice is conducive to temperature regulation, water retention 
and predator avoidance (White et al. 2006). This combination of traits has facilitated the 
predominance of hopping-mice in the arid interior of the continent (Watts & Aslin 1981; Breed & 
Ford 2007) (Figure 1.1).  
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Figure 1.1 Current approximate distribution of the extant species of hopping-mice illustrating their 
prevalence in the arid zones. The type specimen for Notomys aquilo was reportedly collected from 
Cape York; however, its persistence there and the location of the original collection are unclear. 
 
Notomys alexis is the most common and widespread (and therefore the best studied) hopping-mouse 
species, ranging across the majority of the arid zone amongst stabilised sand dunes with hummock 
grasses or shrubs (Breed and Ford 2007; Menkhorst and Knight 2011). Predavec (2000) observed 
N. alexis traversing a variety of habitat types within a short time frame including dense spinifex, 
sand ridges and clay pans. Notomys cervinus is found on sparsely vegetated gibber plains and clay 
plans of the Lake Eyre Basin and may utilise pockets of sandy substrates for burrow construction 
(Breed and Ford 2007; Breed 2008). Notomys fuscus is patchily distributed across a variety of sand 
dune habitats of the Strzelecki Desert (Moseby et al. 1999) and has been observed to utilise or 
traverse clay pans (Moseby et al. 2006). Notomys mitchelli occurs across much of southern 
Australia’s mallee and heath country with deep sandy soils (Breed et al. 2008; Watts and Aslin 
1981). N. aquilo is the sole member of the genus found in the tropics. It occurs on coastal sand 
dunes and sandy, open woodlands of north-east Arnhem Land including Groote Eylandt, and 
possibly persists in Cape York (Woinarski and Flannery 2008; Woinarski et al. 1999).  
Where their distributions overlap, the differing habitat preferences of hopping-mouse species may 
facilitate sympatricity by reducing competition for resources (Moseby et al. 1999; Watts and Aslin 
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1981). Habitat partitioning with other rodent species may also occur at the microhabitat scale. For 
example, N. alexis utilises areas of sparse vegetation significantly more than the broadly sympatric 
Pseudomys hermannsburgensis which stays close to and under dense vegetation (Murray and 
Dickman 1994b). Level of cover is a common factor in microhabitat selection by rodents (Price and 
Waser 1985; Thompson 1982) and this may be an important consideration for trap placement to 
increase captures of target species while subsequently reducing non-target captures.  
Both fire and rainfall strongly influence the abundance, distribution and habitat use of hopping-
mice. Long-range movements of N. alexis are associated with rainfall in desert regions, possibly 
due to animals moving towards increased food resources that follow rain (Dickman et al. 1995). 
This species is known to reach very high abundances in response to periods of significant rainfall 
and, conversely, suffers population crashes in times of drought (Dickman et al. 1999; Predavec 
1994). Rainfall triggers breeding events in arid zone rodents and, for tropical species, breeding 
usually peaks in the dry season following the monsoon (Breed and Ford 2007). Immediate dispersal 
of hopping-mice may occur following a fire as vegetation is destroyed and food and shelter 
resources are depleted (Breed and Ford 2007). Dense vegetation impedes the movement of bipedal 
rodents, therefore, habitats in the late stages of fire succession may be avoided by these species 
(Kotler and Brown 1988; Masters 1993). Woinarski (2004) suggested that fire frequencies of less 
than 4–5 years may reduce habitat heterogeneity and floristic diversity; thereby reducing habitat 
suitability for N. aquilo. Fire regimes resulting in fine scale mosaics of habitat in different 
successional stages ensure that optimal food and cover resources are constantly available (Cole and 
Woinarski 2000; Masters 1993; Smith and Quin 1996; Woinarski 2004). 
Most observations and collections of N. aquilo have been from sandy, coastal dune areas of Groote 
Eylandt (Dixon and Huxley 1985; Johnson 1964; Woinarski et al. 1999); although this may 
represent a bias in sampling effort in these areas rather than a restriction to, or preference for, this 
habitat type. Only one inland area (King’s Crossing) was sampled in a targeted search by Australian 
Museum and Northern Territory government staff in 1992 and no signs of N. aquilo were found 
(Webb 1992; Woinarski et al. 1999). However, more recent surveys confirmed the presence of the 
species in this same location (Ward 2009; Ward 2014). This area is sandy open woodland 
dominated by Eucalyptus tetrodonta and E. miniata with scattered sandstone mounds throughout. 
Smith (2009b) found that N. aquilo appeared to be widespread across Groote Eylandt in a variety of 
habitats with sandy soils, though much more abundant in coastal dune areas. However, this 
observation was based on spoil heap counts, to which no correlations with abundance have been 
established. Habitat analyses by Woinarski et al. (1999) do support the conclusion that, like other 
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hopping-mice, N. aquilo is somewhat a habitat generalist; although positive correlations were found 
between species of bush peas (family Fabaceae) and also a low to moderate cover of hummock 
grasses. The records of N. aquilo at King’s Crossing where it had previously not been found despite 
targeted searches may be testament to this species being transient depending on resource patches as 
has been observed for other species of hopping-mice. This could possibly be in response to fire 
and/or the strong seasonality of rainfall patterns in the Top End region. 
Home range and movements 
Home range of target species is an important consideration in field studies as it can influence 
experimental design; for example, in determining the optimal distance between traps and ensuring 
the independence of transects. Native rodents in the Australian arid zones tend to have larger home 
ranges than those in more regular rainfall areas due to the sparse or fluctuating resources of these 
environments (Breed and Ford 2007). Large scale movements by small, arid zone mammals may 
occur in response to rainfall (Dickman et al. 1995), or other resource patches such as habitat 
mosaics caused by fire (Letnic 2002). Because of this, determining the home range of arid zone 
hopping-mice is difficult and distances moved is often used as a surrogate (Dickman et al. 2010; 
Dickman et al. 1995; Letnic 2002; Moseby et al. 2006). However, Predavec (2000) reports a 
polygon home range of 0.69 ha for N. alexis. Mark-recapture data for N. alexis suggest that they are 
transient across the landscape, or have large unstable home ranges (Dickman et al. 1995; Letnic 
2002; Predavec 2000). Predavec (2000) recorded a movement of 700 m in one night by N. alexis 
and movements of over 10 km by individuals have been recorded over time (Dickman et al. 1995). 
Movements by N. mitchellii of up to 1500 m were recorded over a two week trapping period, 
although the average distance was only 80 m (Bradley 2008). The home range and movements of N. 
aquilo are unknown. However, it is possible that this species is more sedentary than its arid zone 
congeners, as mobility of rodents decreases with increasing resource availability (Dickman et al. 
2010) and this is more stable in tropical environments. 
Diet 
Baits and lures used to attract wild animals for research purposes must be more attractive than 
naturally occurring foods that are readily available. It is important to understand the general diet of 
study animals as well as foods that may be preferred when available. Most hopping-mouse species 
are opportunistic omnivores (Breed and Ford 2007). This dietary plasticity possibly aids their 
survival in arid environments (Murray and Dickman 1994b; Smith and Quin 1996). Seeds typically 
make up 50–82% of the diet in the wild (Smith and Quin 1996); however, they will consume green 
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plant material, invertebrates and fungi depending on availability (Moseby et al. 1999; Murray and 
Dickman 1994a; Murray and Dickman 1994b; Watts and Aslin 1981). N. mitchellii also eats a small 
proportion of flower and fleshy fruit (Smith and Quin 1996). Field studies show that seeds 
predominated in the stomach contents of wild captured N. alexis and invertebrates were usually at 
low proportions (Murray and Dickman 1994b). However, in captive, cafeteria style trials of wild 
caught N. alexis, invertebrates were preferred over seeds and stems from their natural habitat 
(Murray and Dickman 1994a), demonstrating that preferred food items may differ from the natural 
diet.  
Little is known about the diet of N. aquilo other than what can be inferred from studies of other 
members of the genus and some observations of captive animals (Dixon and Huxley 1985). Various 
baits have been trialled in mammal traps by Johnson (1964) and (Ward 2006). Experimental effort 
by Ward (2006) was low and neither effort nor the bait types were reported by (Johnson 1964). No 
hopping-mice were captured in either study, though it cannot be known if this was due to the baits 
being unattractive, an aversion to the traps themselves, or simply that traps were not encountered by 
the animals. Captive N. aquilo were fed a variety of grains, nuts, seeds and stems as well as some 
fruits and vegetables (Dixon and Huxley 1985). Interestingly, they did not readily eat invertebrates, 
thus possibly indicating a difference in dietary preferences between this and other hopping-mouse 
species.     
Burrow systems 
All species of hopping-mice are semi-fossorial and nocturnal, utilising burrow systems for shelter 
during the day (Watts and Aslin 1981). The burrows are constructed by the animals digging a 
sloping tunnel to a depth of up to 1.5 m which may have adjoining branches (Ward 2014; Watts and 
Aslin 1981; White et al. 2006). From these tunnels, vertical shafts are created, terminating at the 
surface in a ‘pop hole’ of around 3–5 cm in diameter which are used as burrow entrances (Breed 
and Ford 2007). There may be between three and eight pop holes to a burrow and these may be 
plugged with sand when not in use (Watts and Aslin 1981). The initial sloping tunnel is back-filled 
leaving a spoil heap (a mound of sand or soil) on the surface with no hole around it. The back-
filling of the initial tunnel and the use of vertical shafts for entrances may reduce accessibility to the 
burrow and its inhabitants by predators (Thompson and Thompson 2007; Van Dyck et al. 2010). 
This spoil heap with no evidence of a dig hole, and the pop holes with no spoil, are distinctive 
elements of hopping-mouse burrow systems (Figure 1.2). 
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Figure 1.2 General structure of a hopping-mouse burrow. 
 
Up to 12 individual N. alexis may inhabit a burrow (Watts and Aslin 1981). However, occupancy of 
excavated N. aquilo burrows tended to be around four (Dixon and Huxley 1985). Groups of 
hopping-mice may utilise several burrow systems at any time (Watts and Aslin 1981). A study on 
the burrow use of N. alexis and N. mitchellii showed that few burrows were still inhabited between 
successive trapping sessions which were 50 days apart on average (Bradley 2008). This may be 
further testament of the transiency of hopping-mice.  
Survey methods for N. aquilo and other cryptic mammals 
Live traps 
Most species of hopping-mouse can be captured in conventional live traps without difficulty. Pitfall 
traps are commonly used to capture hopping-mice in surveys and research (Dickman et al. 1995; 
Murray and Dickman 1994b; Predavec 2000; Read et al. 2015), as are Elliott traps (Bradley 2008), 
or a combination of both (Moseby et al. 1999; Moseby et al. 2009; Moseby et al. 2006; Read et al. 
2015). Elliott traps in these studies were all baited with standard small mammal bait of peanut 
butter and rolled oats. With consideration to their anatomy and behaviour, field researchers use a 
deeper, narrower pitfall trap to capture hopping-mice rather than traditional 20-L buckets from 
which the animals can escape (Read et al. 2015; Thompson 2007). The most common style is PVC 
pipe 12–16 cm in diameter, and 60–65 cm deep, unbaited, with a drift fence 3–10 m long to guide 
animals into the trap (Dickman et al. 1995; Letnic 2002; Moseby et al. 2006; Murray and Dickman 
1994b; Predavec 2000). 
Some researchers have increased capture success for semi-fossorial rodents through targeted trap 
placement rather than the use of grids or transects. Moseby et al. (1999) conducted spotlighting and 
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searches for tracks and pop holes of N. fuscus to determine the optimal placement of Elliott and 
pitfall traps. Similar methods have been used to trap banner-tailed kangaroo rats (Dipodomys 
spectabilis) in the United States (Cross and Waser 2000). Traps are placed around active burrow 
entrances until most individuals have been captured, providing an estimate of actual population size 
for a given area (Cross and Waser 2000). These techniques serve to increase capture rates while 
decreasing the time and effort of trap installation and monitoring in areas where study animals are 
probably absent.    
Woinarski et al. (1999) reported a trap effort of 25,000 Elliott and bucket-style pitfall trap nights in 
potential N. aquilo habitat. More recently, these trap types have been used on Groote Eylandt in 
areas containing signs of N. aquilo (Firth 2008; Mahney et al. 2009; Smith 2009b; Van der Geest 
2012). Only one N. aquilo was captured in an Elliott trap by Mahney et al. (2009), and Woinarski et 
al. (1999) reported two captures separate to their own study; one in an Elliott trap and another in a 
pitfall trap. These results suggest that the use of live traps to census N. aquilo is difficult, though not 
impossible.  
Several factors may contribute to the low success rate of live traps to capture N. aquilo. Elliott traps 
are effective only if the lure of the bait or of the trap itself is strong enough to overcome any 
reluctance of the animal to enter the trap. Neophobia can contribute to an animal’s aversion to traps 
and other unfamiliar objects (Mitchell 1976). If N. aquilo is neophobic, wiring Elliott traps open 
and pre-baiting them could possibly overcome this constraint. Pre-baiting can increase trap success 
for rodents, although may increase the length of the study so is avoided where time constraints are a 
consideration (Chitty and Kempson 1949). Regardless, rarer or trap-shy species will usually require 
a far greater trap effort compared to common species (Tasker and Dickman 2002). Groote Eylandt 
fauna surveys have all involved the use of a peanut butter-based bait. Therefore, there is potential 
for dietary studies and field trials with different baits to increase Elliott trap success.  
Pitfall trapping using deep pitfall traps that successfully capture other species of hopping-mouse 
have not yet been trialled on Groote Eylandt. Given their common use in other studies, it is 
surprising that no targeted searches for N. aquilo have involved the use of this trap type. In fact, 
PVC pipe pitfalls 16 cm in diameter and at least 60 cm deep have been recommended to survey this 
species by the Australian Government (2011). In addition, no attempts at targeted trapping around 
N. aquilo burrow systems have been reported. In light of these shortcomings of past research, the 
development of a suitable live trap method for this elusive species cannot yet be dismissed.   
Camera traps 
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Camera trapping has quite recently become an important tool for wildlife monitoring and research 
in Australia (Meek et al. 2015). As the technology becomes more sophisticated, camera traps are 
being put to a greater variety of uses that now includes research of small mammals (Hayes et al. 
2006; Meek et al. 2012b; Paull et al. 2012), birds (Li et al. 2010) and even reptiles (McGrath et al. 
2012; Welbourne et al. 2015). With a great variety of camera traps commercially available, and the 
technology rapidly changing, choosing the most suitable equipment for a specific need can be 
difficult, though imperative for the successful achievement of research goals (Meek and Pittet 
2012). One of the most important considerations is the flash type. Infrared flash from camera traps 
was once thought to be invisible to animals. However, there is now evidence that animals can see 
and hear the triggering of this camera trap type (Meek et al. 2014). In addition, night time images 
with infrared flash are monochrome with reduced clarity and this can present problems for the 
identification of small nocturnal mammals (Meek et al. 2012a; Paull et al. 2011). Therefore, the 
sharper night time colour photos offered by white flash cameras may be beneficial in some 
circumstances. 
Camera trapping is a suggested survey method for N. aquilo (Australian Government 2011). 
However, a small amount of camera trapping has been conducted on Groote Eylandt resulting in no 
confirmed images of the species (Barden 2012; Van der Geest 2012). It is possible that N. aquilo 
may be wary of, and avoid, camera traps as it does for other trap types. Wariness of camera traps 
has been noted in other cryptic animals such as the coyote (Canis latrans) with no apparent solution 
to overcome this (Sequin et al. 2003). Further research and greater sampling effort may be required 
to employ this method effectively for N. aquilo, including experiments with baits to potentially 
increase detection rates.  
Spoil heaps 
Burrows and their associated signs have been used by many biologists in studies of fossorial and 
semi-fossorial animals. By understanding the relationship between burrow abundance and 
population abundance, researchers can save time and resources, which would normally be expended 
on mark-recapture studies, by merely counting animal burrows in a pre-defined area. This technique 
has been used with reasonable success with rodents such as Hypogeomys antimena (Young et al. 
2008) and Agouti paca (Beck-King et al. 1999) as well as lagomorphs such as Brachylagus 
idahoensis (Price and Rachlow 2011; Sanchez et al. 2009). However, in some rodent studies, 
burrow counts were a poor index of abundance with little or variable correlation to population size 
estimates (Gervais 2010; Severson and Plumb 1998; Van Horne et al. 1997). These methods clearly 
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require rigorous experimentation for individual species and circumstances before they can be 
employed with confidence. 
Some researchers have used signs of hopping-mouse burrows (spoil heaps and pop holes) as 
indications that the animals inhabit a given area (Moseby et al. 1999; Woinarski et al. 1999). 
However, due to the relative ease of live trapping most species, this method has not been employed 
as an index of abundance. Given the poor success rates of live-trapping N. aquilo, standardised 
counts of spoil heaps have been suggested as the most efficient method to monitor this species 
(Australian Government 2011; Ward 2009). Unfortunately, the use of spoil heaps as an index of 
abundance may be more problematic for N. aquilo than for many other burrowing mammals. 
Burrow indices often rely on the ability of researchers to identify active and inactive burrows 
(Lisicka et al. 2007; Price and Rachlow 2011; Young et al. 2008). Currently, this is only possible 
for N. aquilo burrows by identifying tracks at pop-holes and these may be plugged or amongst 
vegetation (Woinarski et al. 1999). Studies of other hopping-mouse species has indicated that 
burrow fidelity is low (Bradley 2008) and excavations of N. aquilo burrows suggest that burrow 
occupancy could be variable depending on habitat (Ward 2006; Ward 2007b). In addition, the 
burrow index method requires data for correlation to abundance, therefore, until a live capture 
technique can provide this, it cannot be assumed that spoil heaps are any indication of abundance 
for N. aquilo. Spoil heap surveys may even incorrectly assign presence or absence of the species 
across space and time if: (1) spoil heaps are present but burrows are no longer occupied; (2) spoil 
heaps are weathered and no longer recognisable, but the burrows are still being used by hopping-
mice; or (3) the signs are incorrectly identified as belonging to N. aquilo. Currently, spoil heap data 
have the potential to misinform management of this species and the consequences of this are 
unknown.  
Other indices of abundance 
In addition to those discussed in this review, the Australian Government (2011) recommends sand 
plots for track identification, spotlighting, and collection of predator scats and pellets as potential 
sampling techniques for N. aquilo. Hair tubes are another alternative to live-trapping small 
mammals (Dickman 1986). However, this survey method is not recommended for N. aquilo as it 
requires reference specimens which are currently not available (Australian Government 2011). 
Animal tracks have long been used to find and study wildlife (Sanderson 1966). Hopping-mice are 
ideal candidates for tracking studies as their footprints are distinctive; especially when bipedal 
locomotion is employed when the animals are moving at speed (Breed and Ford 2007; Woinarski 
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and Flannery 2008). As such, track observations have been fundamental in detection and research of 
some hopping-mouse species (Moseby et al. 2006; Woinarski et al. 1999). Due to the variety of 
habitats utilised by N. aquilo on Groote Eylandt (Woinarski et al. 1999), traditional sand plots may 
not be comparable across the landscape. The predominant habitat type on Groote Eylandt is 
eucalypt woodland. Sandy areas with low leaf litter and ground cover, where animal tracks would 
be most visible, are largely restricted to narrow coastal areas of the island. Specifically engineered 
tracking boards (Lord et al. 1970) can be used to standardise tracking indices. However, as with 
other indices, this requires correlative abundance data to determine its effectiveness. Factors such as 
habitat type and vegetation density may affect the usefulness of this method (Free and Leung 2008; 
Kaboodvandpour et al. 2010). 
Spotlighting has been used as an index of presence or abundance for hopping-mice and other 
Australian mammals (Letnic and Dworjanyn 2011; Moseby et al. 1999). However, arid 
environments offer more uninterrupted views of animals due to sparser vegetation (Letnic and Koch 
2010), therefore, the usefulness of this sampling technique in tropical habitats may be variable at 
best. Spotlighting surveys for N. aquilo have had limited success, and again, the suitability of this 
method appears to differ between habitat types. Woinarski et al. (1999) detected no N. aquilo 
during 200 spotlighting hours which were focussed primarily in coastal habitats. Ward (2006; 
2007a) conducted spotlighting in both coastal dune and inland woodland habitats and saw several 
N. aquilo in the woodland habitat only, possibly due to the coastal tracks being more difficult to 
traverse. Although recommended as a sampling technique for N. aquilo (Australian Government 
2011), predator scats offered no specimens in the study by Woinarski et al. (1999). A greater 
collection effort directed towards owl pellets and cat stomach contents may possibly yield results in 
the future. 
Conclusion 
The genus Notomys is one of the most prone to extinction of the Australian native rodents and 
specific research on N. aquilo is scant. Groote Eylandt may harbour the largest remaining 
populations of this species. Authors once noted the high abundance of N. aquilo on the island with 
Thomson (in Dixon and Huxley 1985) observing its tracks in coastal dune areas “in incredible 
numbers”. No such observations have been made in recent times despite several targeted surveys 
for the species and this may be anecdotal evidence for a recent decline. 
The development of reliable monitoring methods for N. aquilo is clearly overdue. It is evident from 
this review that effective ecological survey techniques for cryptic animals require consideration of a 
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wide variety of physical, behavioural and environmental factors. Researchers can refine methods 
developed by others, but in many cases may have to conduct a variety of trials before the 
appropriate method can be employed for the target species.  
Spoil heap surveys are presently the accepted technique to detect the presence of N. aquilo, and 
have also been suggested as a suitable method to produce density estimates for the species (Ward 
2009). However, if potential exists for misidentification of N. aquilo burrows, this method could 
possibly misinform decision makers on the management of the species. Regardless, spoil heap 
surveys cannot provide data on the population ecology, home range and habitat use of N. aquilo that 
may assist in developing effective conservation strategies.  
In light of the prior research presented in this review, this thesis aims to fill key gaps in knowledge 
by: (1) critically evaluating the effectiveness of indirect signs (particularly spoil heaps) for 
determining the presence and abundance of N. aquilo; (2) developing more-reliable survey methods 
for N. aquilo and sympatric vertebrates, explicitly with the use of pitfall traps and camera traps; and 
(3) describing the general ecology of N. aquilo with views to its conservation on Groote Eylandt. 
With sufficient effort and the application of appropriate research methods, the development of 
ecological survey techniques for N. aquilo should be achievable. Only when this has occurred can 
conservation and management plans for this threatened species be implemented with any hope of 
success.  
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Burrowing behaviour of the northern hopping-mouse (Notomys aquilo): field 
observations 
Abstract 
We describe burrowing behaviour of the elusive northern hopping-mouse (Notomys aquilo) 
recorded by camera traps. New burrows were observed at the beginning and end of the wet season 
on Groote Eylandt, Northern Territory. While no mid-wet season sampling was conducted, new 
burrows were not observed during the dry season. Initial burrow entrances were open for 
approximately five days before being back-filled, leaving only a spoil heap with pop holes (burrow 
entrances) up to 5.3 m away. These results will improve survey techniques for this cryptic, 
threatened species. 
Introduction 
Over half of Australia’s rodents use burrows as their primary form of shelter (Van Dyck and 
Strahan 2008). Burrows provide a range of services including refuge from predation, aid in 
thermoregulation and water retention, and nest sites for young (Reichman and Smith 1990). 
Furthermore, burrowing rodents modify soil structure and microtopography and facilitate nutrient 
cycles and water flows, which in turn influence the abundance and species richness of plant 
communities (Dickman 1999). However, the process of burrow construction and the behaviour 
associated with it is rarely observed and poorly understood. The northern hopping-mouse (Notomys 
aquilo) is a cryptic, semifossorial rodent endemic to northern Australia and is listed as vulnerable 
under the Environment Protection and Biodiversity Conservation Act 1999. It is unique amongst its 
predominantly arid-dwelling congeners in being confined to tropical regions. Because it is nocturnal 
and notoriously trap-shy, most observations of N. aquilo are derived from signs of its burrow 
systems (Woinarski et al. 1999). Early observations by David Johnson and Donald Thomson on 
Groote Eylandt in the 1940s provided some brief descriptions of burrow structure (Johnson 1964; 
Dixon and Huxley 1985). Recently, Ward (2013) described a T-shaped burrow system from the 
same area. Subsequent to the earlier work on the species, Woinarski et al. (1999) trapped no N. 
aquilo from 25 000 trap-nights; no animals were seen during spotlighting surveys, and no evidence 
of them was found in predator scats. These sampling efforts took place within the known 
distribution of the species, including Groote Eylandt. The low detectability of N. aquilo led 
Woinarski et al. (1999) to describe the species as somewhat ‘invisible’ and easily overlooked in 
fauna surveys within its geographical distribution.  
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Hopping-mice (Notomys spp.) construct burrows by digging a sloping shaft that runs down to a 
tunnel with horizontal branches that may be 1m or more below ground (Watts and Aslin 1981). 
From these branches, two or more vertical shafts are dug from below and lead vertically to the 
surface, terminating in a ‘pop hole’, which is used as the burrow entrance (Breed and Ford 2007). 
The initial sloping tunnel is back-filled, leaving a spoil heap (a mound of sand or dirt) on the 
surface with no visible connection to a burrow entrance. Stanley (1971) observed captive spinifex 
hopping-mice (N. alexis) actively dispersing this spoil, possibly in an attempt to disguise the 
burrow. The back-filling of the initial tunnel and the use of vertical shafts for entrances may reduce 
accessibility to the burrow and its inhabitants by predators (Thompson and Thompson 2007; 
VanDyck et al. 2010). It is likely that spoil heaps in the dry, open habitats of most hopping-mice 
would degrade rapidly; in sandy areas inhabited by N. alexis, for example, spoil heaps are 
encountered very infrequently (CRD, pers. obs.). However, spoil heaps from the burrows of N. 
aquilo remain conspicuous several months after burrow construction is completed (Smith 2009), 
which is important because counting spoil heaps is currently the recommended survey technique for 
this species (Department of Sustainability Environment Water Population and Communities 2011). 
This paper describes the first known observations of burrowing behaviour of a hopping-mouse in 
natural habitat. The results give insight into the temporal investment and seasonality of burrow 
construction by N. aquilo, as well as strategies that appear to be employed for reducing predation 
risk. A sound understanding of the construction of burrows by N. aquilo will aid in the 
identification of burrow systems and, therefore, increase the reliability of spoil heap surveys. These 
results represent the only known wild behavioural observations of N. aquilo and augment the scant 
biological data available for this species. 
Methods 
Study site 
Groote Eylandt is a large island (2378 km2) located off the eastern coast of Arnhem Land, Northern 
Territory, 630 km south-east of Darwin. It encompasses vast tracts of woodland dominated by 
Eucalyptus tetrodonta with a variety of other habitat types including heaths and dune complexes in 
coastal areas. The island experiences distinct wet and dry seasons, with 95% of the annual rainfall 
occurring between November and April (Bureau of Meteorology 2013). Groote Eylandt is an 
Indigenous Protected Area owned by the Anindilyakwa people. The Groote Eylandt Mining Co. 
holds mining and exploration leases for the extraction of manganese. The observations outlined 
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below occurred in a designated inland recreation area known as the ‘Cave Paintings’ area 
(13.9705°S, 136.5025°E).  
Burrow observations 
Surveys for spoil heaps of N. aquilo, and other experiments, were conducted on the island at various 
times and locations from June 2012 to December 2013. Between April and June and in November 
2013, the senior author (RLD) discovered several animal diggings that were potentially the 
incomplete burrows of hopping-mice. These consisted of tunnels ~5 cm in diameter with varying 
amounts of spoil at the entrance. The size and shape of the tunnels and spoil differed from those 
previously observed in this habitat made by animals such as goannas (Varanus spp.), northern 
brown bandicoots (Isoodon macrourus) and delicate mice (Pseudomys delicatulus). The habitat was 
open woodland dominated by Eucalyptus tetrodonta with an open shrub and tussock grass 
understorey on a sandy substrate. The diggings were within 150 m of the base of a sandstone 
escarpment. Northern quolls (Dasyurus hallucatus), a likely predator of N. aquilo, are abundant in 
this area. 
Ten burrows were monitored daily after they were discovered. Two of the diggings were 
photographed over several days to determine whether, when completed, they resembled the spoil 
heap of N. aquilo (as described by Ward 2009). Camera traps (ScoutGuard 560DF, one per burrow) 
were mounted next to seven other burrows to critically determine the species that was making them. 
Further, one female N. aquilo that was fitted with a radio-transmitter as part of a separate study, was 
observed digging a burrow in this habitat during radio-tracking, and an eighth camera was set on 
this the following day. The cameras were mounted 1m above the ground on a star picket that was 
angled at 45–60° facing into the burrow opening between 120 and 150 cm away from the burrow 
opening. The camera trap settings were: infrared flash, video, 20 or 30 s, 5 s interval, timer off, and 
sensitivity medium. A strip of duct tape was placed partially over the flash area to reduce the 
brightness of the flash, preventing ‘white out’ at close range. The camera traps were not baited. The 
burrows were observed until no further activity was apparent for at least two consecutive nights. 
Data recorded from camera footage included: species, sex (i.e. whether testes were visible or not), 
number of individuals (if known), time spent per night on burrow construction, number of nights 
spent on burrow construction, as well as a description of the burrowing behaviour. Data from a 
weather station 4 km from the study site showed that night time temperatures were consistently less 
than 30°C, indicating that temperature would not have adversely affected camera performance 
(Meek et al. 2012, p. 21). 
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Results and discussion 
Four of the eight camera traps recorded N. aquilo digging their burrows during the night. One of 
these was set late in the stages of burrow construction and recorded only one night of footage before 
the external components of the burrow were complete. The infrared flash on this camera failed for 
part of the night. Two cameras recorded footage over four successive nights. Given the small 
amount of spoil at the tunnel entrance when they were discovered, it is likely that construction of 
these burrows had begun only the previous night. The beginning of the fourth burrow was noted as 
it was on a sandy track that we had driven down only a few hours earlier. This burrow took six 
nights to complete. Two of the burrows had entrances beginning in the side of a small dug-out area 
resulting from an earlier installation of a pitfall trap. The hopping-mice might be attracted to softer 
sand and ridges that make it easier to dig their sloping tunnels into. The camera traps accumulated a 
total of 7.5 h of short videos of N. aquilo from which general burrowing behaviour can be 
described. 
The burrowing hopping-mice regularly emerged from the burrow entrance every 1–5 min to remove 
spoil, although this was variable and they sometimes disappeared for up to hours at a time. The 
physical behaviour of digging and spoil removal follows closely that described in detail by Stanley 
(1971). The animals dug primarily with the front feet, using the hind feet to kick the accumulated 
spoil behind them. This behaviour can be viewed in SupplementaryMaterial Video S1. The median 
time spent per night on surface burrow construction was 97 min (range = 12–290, n = 14). The 
hopping-mice spent a considerable portion of their aboveground burrow activity listening and 
looking around. This may be normal vigilance for predators or other hazards but it is possible that 
this behaviour was influenced by the presence of the camera trap and associated smells, light or 
sound. 
Both of the burrows that were photographed during the day progressed to become characteristic 
spoil heaps within three days (Figure 2.1). A radio-collared N. aquilo was later observed in one of 
these burrows, confirming that the burrow was constructed by this species. 
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Figure 2.1 Progression of a northern hopping-mouse burrow from an open tunnel to the back-filled 
spoil heap, which typically indicates the presence of this species. The blue pen indicates the 
location and size of the initial tunnel. (a) Day 1 of the discovery of the burrow. It is not known 
whether burrow construction began on the previous night or was possibly the result of two or more 
nights of burrowing activity. (b) On Day 2 the tunnel remains the same size and open, but the spoil 
mound is enlarged. (c) By Day 3, the tunnel is closed from the inside and sand has been kicked back 
over it from the outside. The spoil heap is no longer used by the animal. Note that the fresh spoil 
heap contrasts sharply with the weathered top soil and leaf litter. The gradual degradation of the 
spoil is exacerbated by factors such as sun, wind and rain, which eventually fade and flatten the 
mound. 
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We estimate from the progression of photographs and video footage that the initial tunnel remains 
open for ~4–6 nights from the commencement of burrow construction. Following this, the tunnel is 
filled from inside and any further construction takes place underground. The hopping-mice did not 
appear to use the burrow being constructed until the initial tunnel was closed. Interestingly, after the 
burrow entrance had been closed, the hopping-mice returned to the spoil heap, presumably via a 
pop hole. They did not scatter the spoil haphazardly, as has been suggested for N. alexis, but they 
systematically directed sand back over where the initial tunnel entrance had been before it was 
filled (Supplementary Material Video S2). The spoil heap remained obvious but it became 
impossible to identify, by visual cues, the direction in which the burrow and pop holes were 
aligned. We suggest that disguising the initial tunnel entrance would reduce the risk of goannas or 
other burrowing predators locating the entrance and digging through to the open tunnels below. At 
each completed burrow the hopping-mice spent ~10 min disguising the entrance and were notably 
conspicuous while doing so. However, scattering the whole spoil heap would require far more 
energy expenditure and may be more problematic in this habitat as the sand would still be visible on 
top of the leaf litter layer. Therefore, disguising the initial entrance appears to be an optimised 
trade-off between increased short-term predation risk and reduced long-term predation risk. 
We searched for pop holes around five of the six completed burrows. In each case, one pop hole 
became visible on the day that the initial burrow entrance was covered. These ranged between 1.1 
and 2.3 m (mean = 1.78 m) from the centre of the spoil and were round in shape. Thomson 
described the pop holes as being ‘a few feet’ away from the spoil heap (in Dixon and Huxley 1985). 
Woinarski and Flannery (2008) reported that the distance from pop hole to spoil heap could be up to 
2 m while Ward (2013) found pop holes 2–3 m away from the spoil. However, in subsequent 
observations of the burrow systems in this study, pop holes were found up to 5.3 m away. Pop holes 
closer to the spoil heap tended to fall into disuse and collapsed, with some having evidence of being 
dug into from the top, possibly by goannas or bandicoots. More pop holes were constructed to 
replace these, gradually being created further from the original entrance under the spoil heap. This 
indicates that burrow construction and maintenance is ongoing and does not end once the ground-
level burrowing activities have ceased. As the original spoil heap remains undisturbed and spoil is 
never left near pop holes, we assume that spoil from these expansions remains underground and is 
possibly pushed into disused sections of the burrow. Observations of the surface signs of these 
burrows indicate that the T-shaped burrow described by Ward (2013) may not be typical. 
Pop holes of this species are difficult to find and we have found very few without prior knowledge 
of the direction of the burrow relative to the spoil heap, or without having witnessed animals escape 
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into them. It is interesting to note that, even when we knew that a burrow was active, tracks were 
not clearly visible around the pop holes that we could find, even for those in the open and free of 
leaf litter. This may partly be explained by the animals having multiple pop holes, some of which 
may not be used regularly and some that may be less visible to observers than others. Additionally, 
there was an absence of loose sand around the pop holes in this habitat. It is likely that tracks may 
be more visible at burrows in open coastal areas where pop holes are surrounded by softer sand and 
there is less likelihood of pop holes being concealed by vegetation. Indeed, Thomson reported 
finding tracks around active burrows in sandy coastal habitat on Groote Eylandt (Dixon and 
Huxley1985). Thompson and Thompson (2007) suggested that the absence of tracks around N. 
alexis pop holes could indicate that the animals were opening and closing the main burrow entrance 
under the spoil every night. However, this has not been true for any of the N. aquilo burrows 
monitored during this study and would seem to negate the evident primary purpose of this design of 
burrow system (i.e. predator avoidance). The substrate around pop holes and the potential for 
hidden but regularly used pop holes must be considered when attempting to determine whether N. 
aquilo burrows are active or abandoned. 
Two of the camera traps in the study recorded no videos and the burrows remained unchanged over 
three successive days. Nonetheless, these burrows were indistinguishable from confirmed N. aquilo 
burrows that were under construction and they were probably abandoned. Another camera trap 
recorded the radio-collared female on the first night; however, no further burrowing activity 
occurred. Anecdotal evidence suggests this animal was killed by a predator. This hopping-mouse 
had dug directly on an aged (probably pre–wet season) spoil heap that it had not previously visited 
during the tracking study. This digging was visited four times by one or more northern quolls and 
twice by one or two bandicoots, with both of these species showing interest in the tunnel and/or 
freshly dug soil (Figure 2.2). Other camera traps recorded bandicoots, agile wallabies 
(Notamacropus agilis) and short-eared rock wallabies (Petrogale brachyotis) during the 
construction process, but no predatory species. The camera trap that recorded the radio-collared 
female, as well as the last camera in the study, recorded single male hopping-mice that engaged in 
no or very little digging activity. These two burrows were never completed. Although hopping-mice 
have small testes, the scrotum of these animals were discernible, giving confidence that camera 
traps at this distance and angle can determine sex of adults. 
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Figure 2.2 A northern quoll inspects a digging of a northern hopping-mouse, illustrating that 
burrowing activity may attract the attention of potential predators. 
 
The large body size and absence of testes suggest that all four completed burrows were constructed 
by adult females. Three of the burrows appeared to be constructed by a single animal as no two 
hopping-mice were seen within the same frame and the animal at each burrow was consistently the 
same size and sex. However, as individual hopping-mice generally do not have distinguishing 
features such as uniquely patterned pelage, we cannot be certain of this. One burrow often showed 
two females near the burrow entrance, and once, a male and two females. Only one female was ever 
digging at one time and we cannot know whether one or both females participated in burrow 
construction. If the burrows were being constructed individually, this would not be consistent with 
observations of multiple N. alexis participating in burrow construction simultaneously (Lee et al. 
1984; Stanley 1971). While up to seven N. alexis are known to share burrow systems (Dickman et 
al. 2010), excavations of N. aquilo burrows have yielded up to three (Woinarski and Flannery 2008) 
or four (Dixon and Huxley 1985) inhabitants. This species is possibly less communal than N. alexis, 
with at least some burrows being constructed individually. 
Burrow construction by N. aquilo began when the moon phase was less than 30% and waning, or at 
the new moon for all of the burrows that were monitored to completion. Similar observations were 
made by Lee et al. (1984), who suggested that surface activity of N. alexis is associated with 
periods of minimum moonlight to reduce predation risk. This would be especially important during 
burrow construction given the conspicuous behaviour of the burrowing hopping-mice. 
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There is some evidence for the seasonality of burrow construction by N. aquilo on Groote Eylandt. 
The first burrows were discovered within two months of each other during trapping, radio-tracking 
or spotlighting studies between April and June 2013. These activities were repeated in the same area 
in August, September and October 2013. However, no more open burrows or fresh spoils were 
discovered until late November 2013 after some early wet-season rain was received on the island. 
Due to accessibility constraints, this area could not be monitored throughout the wet season. This 
small amount of evidence suggests that N. aquilo builds most of its new burrow systems at the 
beginning and end of the wet season, and possibly throughout the wet season. This could be due to 
soil moisture providing favourable conditions for burrowing. Burrows built later in the dry season 
may collapse if there is insufficient moisture to hold sand particles together. However, only females 
were observed digging and this could indicate that the breeding season influences the timing of 
burrow construction. The seasonality of reproduction in this species is not well understood. 
Thomson (in Dixon and Huxley 1985) captured juveniles in most months between January and 
June, but also in September, indicating that breeding is not strictly seasonal. Dispersal of juveniles 
is not likely to determine the seasonality of burrow construction as all digging animals we observed 
were adult in size. 
Despite the originality of our observations, the study was constrained by a few issues. As we could 
not predict exactly where and when a burrow would be built, camera traps could usually only be set 
at least one night after burrow construction had begun. In most cases, we could only estimate from 
the amount of spoil how many nights of burrowing had preceded our observations. The camera trap 
system used in this study captured only above-ground activities and even then only when an 
animal’s body was moving in front of the camera’s PIR sensor. It is possible that some above-
ground activities may have been missed by the camera trap model used, although we do not believe 
that this would have been significant. Due to the opportunistic nature of the study, sample sizes are 
small, so extrapolation of our observations to other populations and even individuals within the 
study population must be made tentatively. Despite these limitations, we believe that this study 
offers valuable insight into the burrowing behaviour and burrow construction of N. aquilo. This 
knowledge is useful for improving the use of spoil heap observations for surveying populations 
within the potential (and poorly understood) distribution of this species. We anticipate that the 
results will guide further ecological research with the ultimate goal of conserving this charismatic 
animal. 
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Burrowing behaviour of the delicate mouse (Pseudomys delicatulus) and the 
management implications for a threatened sympatric rodent (Notomys aquilo) 
 
Abstract 
The correct identification of animal signs is imperative when signs are used as evidence of a 
species’ abundance or distribution. On Groote Eylandt, burrow spoil heaps have been used in 
surveys for the threatened northern hopping-mouse (Notomys aquilo) as this indicator of presence 
was assumed to be unique to this species in this area. Using camera traps, positive identification 
from footage, and burrow excavation and mapping, we determined that spoil heaps made by the 
common delicate mouse (Pseudomys delicatulus) could not be differentiated from those of N. 
aquilo. The results demonstrate that more-reliable survey techniques for N. aquilo are required to 
aid management decisions for this species. 
 
Introduction 
The process of burrow construction by wild rodents is rarely observed. However, burrows are 
important in the life history of many rodent species and are often used to determine their presence 
or abundance in biological surveys (Van Horne et al. 1997; Fichet-Calvet et al. 1999; Young et al. 
2008).  
The delicate mouse (Pseudomys delicatulus) is one of Australia’s smallest rodents, with sexual 
maturity attained in adults as small as 6 g (Ford 2008). It is a common species throughout the north 
and north-east of Australia (Ford 2008). In contrast, the northern hopping-mouse (Notomys aquilo) 
is approximately four times heavier, with a smaller, more northern distribution and is listed as 
vulnerable under the Environment Protection and Biodiversity Conservation Act 1999. 
Literature describing the burrows of P. delicatulus and N. aquilo was recently summarised by Ward 
(2014) to demonstrate the differences between them. N. aquilo digs complex burrow systems with a 
back-filled initial entrance, leaving a spoil heap at least 1m from the true entrances, known as pop 
holes, which are dug from beneath (Dixon and Huxley 1985). Burrows of P. delicatulus, by 
contrast, have been described as simple, shallow tunnels in sandy soils on mainland Arnhem Land 
(Johnson 1964) and Cape York (Dixon and Huxley 1985). These differences should, ostensibly, be 
useful as field signs to distinguish the presence of the two species; however, field signs have not 
been used as survey methods for P. delicatulus as the species is readily trappable (unpubl. data). 
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Woinarski et al. (1999) discounted the value of Elliott trapping for surveying N. aquilo and used a 
combination of signs including spoil heaps, pop holes and tracks, to determine the abundance and 
distribution of the species. More recent surveys on Groote Eylandt, Northern Territory, have relied 
primarily on counts of spoil heaps in an attempt to standardise survey techniques (Ward 2009). 
Signs such as pop holes and tracks are obscure in the woodland habitat where these more recent 
studies took place (Firth 2008; Smith 2009; Ward 2009). Until recently, there was no indication that 
any sympatric animals made spoil heaps that could be mistaken for those of N. aquilo. However, 
Coffey Environments (2010) excavated 27 burrows on Groote Eylandt with spoil heaps fitting the 
description of those of N. aquilo. They reported one burrow containing a single N. aquilo and nine 
burrows containing P. delicatulus and speculated that P. delicatulus also digs burrows with a back-
filled initial entrance, similar to Notomys spp. Spoil heaps are not described as a part of the burrow 
system of P. delicatulus in other parts of Australia (Ford 2008). Another plausible explanation for 
the finding would be that P. delicatulus was utilising burrows made and abandoned by N. aquilo. 
Using camera traps and image analysis, we tested whether survey techniques that rely on spoil 
heap–derived indices and occupancy were effective in differentiating between signs of P. 
delicatulus and N. aquilo. We use the results to evaluate the reliability of historical assessments of 
the relative abundance and distribution of N. aquilo and make recommendations for future surveys. 
Methods 
Study site 
Groote Eylandt is a large island (2378 km2) located off the eastern coast of Arnhem Land, Northern 
Territory, 630 km southeast of Darwin. It encompasses large areas of woodland and a variety of 
other habitat types, including heaths and dune complexes in coastal areas. The island experiences 
distinct wet and dry seasons, with 95% of the annual rainfall occurring between November and 
April (Bureau of Meteorology 2014). The island is an Indigenous Protected Area owned by the 
Anindilyakwa people. The Groote Eylandt Mining Co. (GEMCO) holds mining and exploration 
leases on the island for the extraction of manganese. The following observations occurred in 
GEMCO lease areas in two primary vegetation types: woodland dominated by Eucalyptus 
tetrodonta with a grass and shrub understorey (13°59´42.33″S, 136°28´33.12″E; 14°5´12.08″S, 
136°30´17.46″E), and coastal grasslands dominated by Triodia microstachya and tussock grasses 
(14°0´3.63″S, 136°25´5.17″E). 
Burrow observations 
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In May 2013, and March, April and May 2014, six freshly dug burrows were discovered that 
appeared similar to the partially constructed burrows of N. aquilo, as observed by Diete et al. (2014; 
Chapter 2a). The temporary opening of these burrows was ~3 cm in diameter, while those of N. 
aquilo are ~5 cm (Diete et al. 2014; Chapter 2a). One camera trap (ScoutGuard 560DF) was set at 
each of these burrows (n = 6 camera traps) to determine the species constructing and/or using them. 
The setup and settings of the camera traps were as described in Diete et al. (2014; Chapter 2a). 
Black and white (infrared flash) video clips of 30 s each were used to assess the species and their 
burrowing behaviour. The burrows were also photographed during the day and dimensions of spoil 
heaps and pop holes were measured. One burrow was excavated to determine its subterranean 
structure. This was achieved by digging by hand from the burrow’s pop holes and monitoring the 
direction of tunnels with a thin, flexible stick. The burrow structure was mapped (Figure 2.3). 
 
Figure 2.3 Structure of a burrow constructed by Pseudomys delicatulus on Groote Eylandt. The 
shaded area of tunnel shows the back-filled initial entrance and cross hatching illustrates the area 
filled with a grass nest. 
 
Results and discussion 
The camera traps recorded P. delicatulus using the entrance of five of the six burrows monitored. 
No animals were recorded using the tunnel of the sixth burrow, although P. delicatulus was 
recorded around the spoil heap. Burrowing and digging behaviour of this species was recorded at 
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four of the burrows for up to seven consecutive nights. No other species were observed digging or 
using the burrows. 
The initial entrance of five of the burrows was sealed from the inside by the seventh day of 
monitoring, leaving a spoil heap with no obvious evidence of where the soil had come from. One 
camera trap recorded P. delicatulus kicking sand over the initial burrow entrance after it had been 
plugged (see video available as Supplementary Material to the paper). This behaviour was also 
displayed during burrow construction by N. aquilo and possibly aids predator avoidance by 
disguising the initial burrow entrance (Diete et al. 2014; Chapter 2a). 
Despite concerted effort, pop holes could be found at only two of the five completed burrows: one 
pop hole at one burrow, and two at another. These appeared to have been dug from beneath with all 
soil from the excavation being displaced to the burrow spoil heap (Figure 2.4). The pop holes were 
round and measured 19 mm, 19 mm and 21 mm in diameter, respectively. The distances from the 
centre of the spoil heaps to these pop holes were 127 cm, 169 cm and 179 cm. Spoil heap 
measurements are shown in (Table 2.1). When one of these burrows was revisited a week after the 
burrow was complete, we discovered that the pop hole had been filled with a fresh plug of sand and 
no others could be found, which supported previous observations by Coffey Environments (2010) 
that P. delicatulus often plug their pop holes. This behaviour, as well as the small size of pop holes 
and their usual occurrence amongst leaf litter and vegetation, could explain the obscurity of these 
burrow entrances. 
Table 2.1 Measurements of spoil heaps and numbers of pop holes of burrows belonging to 
Pseudomys delicatulus in two habitat types on Groote Eylandt. 
 
Date Habitat Spoil measurements (cm) Numbers of pop holes 
10/05/2013 Eucalypt woodland Not measured None found 
23/04/2014 Eucalypt woodland 53L × 39W × 8H 2 
24/04/2014 Coastal grassland *72L × 56W × 10H None found 
24/04/2014 Coastal grassland 60L × 56W × 8H None found 
25/04/2014 Coastal grassland 71L × 68W × 15H None found 
18/05/2014 Eucalypt woodland 46L × 45W × 8H 1 
*burrow not completed or in use 
 
The excavation revealed a far more complex burrow than has previously been described for P. 
delicatulus. The burrow system had a roughly circular shape with three tunnels leading to the 
surface, two of these to open pop holes (Figure 2.3). All subterranean tunnels were 2–3 cm in 
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diameter. The initial tunnel was back-filled for ~30 cm from the initial entrance and led to a central 
enlarged nesting chamber in which a tight ball of grass with a hollow centre had been constructed 
(Figure 2.3). The camera-trap footage from this burrow showed P. delicatulus dragging the nesting 
material into the burrow through the initial open entrance. No animals were found inside the burrow 
during excavation. 
 
 
Figure 2.4 Spoil heap (background) and pop hole (foreground) of Pseudomys delicatulus in 
Eucalyptus tetrodonta woodland on Groote Eylandt. 
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This type of burrowing behaviour, leaving a closed tunnel and spoil heap with pop holes as the 
burrow entrances, is typically documented in Notomys spp., but less commonly in Pseudomys. 
However, burrows of the silky mouse, Pseudomys apodemoides, are known to be associated with 
spoil heaps with vertical pop holes 1–3 m away (Cockburn 1981). It is surprising that this particular 
burrowing behaviour evidently has not been reported in other Pseudomys spp., or observed in other 
populations of P. delicatulus given the extensive range of the latter species. We are unable to 
determine whether this burrowing behaviour is unique to the Groote Eylandt population, or if it has 
simply been overlooked elsewhere. It is possible that P. delicatulus has adopted similar burrowing 
behaviour to N. aquilo on Groote Eylandt in response to predation pressure or other local ecological 
factors. The island has high densities of the northern quoll (Dasyurus hallucatus) as well as several 
other terrestrial predators such as monitors and snakes that may actively hunt rodents in burrows. 
Our study had some limitations. For example, we could not determine the sex of any mice in the 
camera-trap video footage, and it is possible that the small size of P. delicatulus reduced the number 
of detections on the camera traps. Despite these limitations, the present study demonstrates that P. 
delicatulus is responsible for constructing spoil heaps on Groote Eylandt that can easily be confused 
with those of N. aquilo. There is clear overlap in the size of the spoil heaps of both species. The 
average length of N. aquilo spoil heaps measured in woodland habitat was 81.9 cm; however, they 
may be as small as 51 cm in length (Table 4.4, Chapter 4). The minimum diameter of N. aquilo pop 
holes measured was 2.1 cm (Table 4.4, Chapter 4) which is only marginally larger than the diameter 
of the three P. delicatulus pop holes found in the present study. Another difference between pop 
holes of the two species was the deeper and more vertical pop holes of N. aquilo compared with 
those of P. delicatulus, which tended to curve near the surface, angling back towards the spoil heap. 
However, this characteristic may not be useful to attribute species to a particular burrow given that 
pop holes of both species can be difficult to find. 
It is not known to what extent misidentification of N. aquilo burrows may have occurred in the past; 
however, there is clearly a possibility that the abundance and distribution of the species, at least on 
Groote Eylandt, has been overestimated in previous work. We contend that spoil heaps and other 
signs should no longer be used as unequivocal evidence of the presence of N. aquilo. Future work 
should evaluate the efficacy of camera traps and other methods (e.g. deep pitfall traps) to monitor 
the species and inform management decisions. Our study highlights the need for caution in using 
indirect evidence in surveys for species of conservation concern and that confirmatory evidence 
from an independent method, such as camera trapping, is required. This is yet another example of 
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how camera traps are contributing to significant advances in the fields of wildlife behaviour and 
ecology. 
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Best bait for your buck: bait preference for camera trapping north Australian 
mammals 
Abstract 
Critical evaluations of bait attractiveness for camera trapping wildlife are scant even though use of 
the most attractive bait should improve detection of cryptic, threatened species. We aimed to 
determine the most attractive bait for camera trapping the northern hopping-mouse (Notomys 
aquilo) and sympatric mammals. We also tested the effectiveness of overhead camera trap 
orientation in identifying individual northern quolls (Dasyurus hallucatus) as this could be used to 
define a camera trap event for analysis purposes. Using white flash camera traps, the attractiveness 
of four baits (peanut butter with oats, corn, sesame oil and sunflower kernels) and a control were 
compared for N. aquilo, D. hallucatus, the northern brown bandicoot (Isoodon macrourus) and the 
agile wallaby (Notamacropus agilis). Spot patterns of D. hallucatus were compared to determine 
the visitation rate of individuals. Peanut butter- and sesame oil-based baits were significantly more 
attractive to D. hallucatus, while I. macrourus strongly preferred the peanut butter bait. Bait type 
did not affect the mean number of events for N. aquilo or N. agilis. The consistently identifiable 
images of individual D. hallucatus were used to determine the optimal event delineator of 15 
minutes. The improved techniques for camera trapping D. hallucatus should be valuable for future 
capture-recapture studies of this species. Camera trapping is a viable replacement for the ineffective 
method of indexing the abundance of N. aquilo using indirect signs.  
Introduction  
The state of Australia’s mammal fauna has deteriorated significantly in the last few decades, with 
declines particularly evident in northern Australia (Woinarski et al. 2014; Woinarski et al. 2011). 
Deficiencies in knowledge of many threatened species, as well as inadequate monitoring, are 
impediments to conservation (Woinarski et al. 2014). Clearly there is a pressing need to efficiently 
and reliably collect data broadly across mammalian taxa.   
Camera traps are rapidly becoming critical tools for wildlife research. Their recent proliferation in 
this field has led to studies in refining the efficacy of the methodology for some species (Ballard et 
al. 2014; De Bondi et al. 2010; Glen et al. 2013; Smith and Coulson 2012; Taylor et al. 2014). 
However, few studies have critically examined the effect of camera trap attractants (Hanke and 
Dickman 2013; Monterroso et al. 2011), especially for small mammals (Claridge et al. 2015; Paull 
et al. 2011). Paull et al. (2011) found that a ‘standard bait’ of peanut butter with oats was more 
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attractive than both truffle oil and mealworms for Antechinus, Isoodon and Perameles species but 
not for Potorous or Pseudocheirus species. Similarly, Claridge et al. (2015) demonstrated that the 
addition of truffle oil to standard bait did not increase detections for mycophagus mammals and 
decreased mammal detections overall. Although peanut butter bait is successfully used in camera 
trap studies (Meek et al. 2012a), critical evaluations of its effectiveness for particular species are 
few. Further, animals that are rare or cryptic may require tailored sampling techniques to improve 
detection probabilities (Claridge and Paull 2014); therefore, using the most attractive bait possible 
could be crucial to research success. Currently, there are no published studies that have investigated 
bait attractiveness at camera trap stations for north Australian mammals.  
The northern hopping-mouse (Notomys aquilo) is a cryptic, semi-fossorial rodent listed as 
vulnerable under the Environment Protection and Biodiversity Conservation (EPBC) Act 1999. 
Survey methods for this species have traditionally relied on searches for signs of the animal, such as 
spoil heaps from burrow systems, because the species cannot usually be captured in Elliott traps 
(Woinarski et al. 1999). However, it was recently demonstrated that a common sympatric species, 
the delicate mouse (Pseudomys delicatulus), constructs spoil heaps that are superficially 
indistinguishable from those of N. aquilo (Diete et al. 2015; Chapter 2b). Improved survey 
techniques for this species are clearly required, and camera trapping has been suggested as a 
possible sampling method (Dickman 2012). Recently, camera traps were used to record the 
burrowing behaviour of N. aquilo (Diete et al. 2014; Chapter 2a), therefore showing that 
identification of this species from camera trap images is effective.  
Camera trap data can also be used to determine the abundance of naturally marked wild animals 
using capture-recapture estimators (Karanth 1995). However, many mammals, including most 
Australian species, do not have unique pelage patterns or other distinguishing features by which 
individuals can be identified from photographs. In such cases, the number of ‘events’ may be used 
to index the rate at which a species is detected by camera traps (Meek et al. 2012b; Paull et al. 
2011). A camera trap event can be defined as one or more images of a species separated by a stated 
period of time (Meek et al. 2014b). In studies of small Australian mammal species, gaps between 
successive photos have ranged from two minutes (Meek et al. 2012b) to one hour (Paull et al. 
2011). Optimal event definitions are likely dependent on the study’s design, intent, species and site. 
However, there are no accepted principles to guide researchers on how an event should be defined 
under such differing circumstances. 
The northern quoll (Dasyurus hallucatus) is a medium-sized carnivorous marsupial listed as 
endangered under the EPBC Act 1999. Camera traps have previously been used to record unique 
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spot patterns of D. hallucatus and thus allow individual identification; this method could potentially 
be used in capture-recapture studies to improve estimates of abundance (Hohnen et al. 2013). 
Hohnen et al. (2013) used horizontal orientation of their camera traps to collect images of D. 
hallucatus, although this orientation often required multiple images to allow confident identification 
of individuals due to the wide variation in animal postures.   
In this study, we aimed to evaluate the effectiveness of several types of bait for camera trapping N. 
aquilo and other mammals that occur with this species. We hypothesised that bait type would 
influence detection rates for N. aquilo and sympatric mammals. Additionally, we capitalised on the 
local abundance of D. hallucatus to determine if this species could be individually identified from 
single photographs using a vertical, overhead camera trap orientation. We used the data obtained to 
define the optimal time period to delineate separate events for camera trapping D. hallucatus at our 
study site.  
Materials and methods  
Study site  
Groote Eylandt is located off the eastern coast of Arnhem Land in northern Australia. This large 
island (2378 km²) is vegetated with woodland dominated by Eucalyptus tetrodonta as well as a 
variety of other habitats including heaths and dune complexes in coastal areas. The island receives 
95% of its annual rainfall between November and April (Bureau of Meteorology 2015). The study 
took place in November and December 2013 within an area of woodland containing a known 
population of N. aquilo that had been confirmed through targeted camera trapping (Diete et al. 
2014; Chapter 2a) and spotlighting. This was an approximately 250 ha area from the northern side 
of a creek crossing known as Top Crossing (13.9838°S, 136.4825°E) to the Cave Paintings 
Recreation Area (13.9708°S, 136.5022°E). 
Baits 
Four commercially available baits were chosen for comparison based on their use in other small 
mammal studies or their possible attractiveness to N. aquilo. These were peanut butter with oats 
(30% peanut butter, 70% rolled oats), fresh corn kernels, sunflower kernels and sesame oil 
(AyamTM brand). The peanut butter and oat mix is very commonly used in live-trapping studies of 
small mammals (Tasker and Dickman 2002). Thomson (in Dixon and Huxley 1985) fed captive N. 
aquilo a variety of seeds, grains and other plant matter but noted that animals did not usually eat 
invertebrates. He also noted that they readily ate sweet corn which they “relish greatly” (Dixon and 
Huxley 1985). Preliminary camera trap data demonstrated that wild N. aquilo did consume 
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sunflower seeds in the husk from bait stations. In this experiment we used sunflower kernels with 
no husks, lightly crushing them to release their odour. We chose sesame oil because it is derived 
from seeds and is strongly aromatic. This oil was soaked into cotton balls which were then placed 
inside bait holders. All other baits were placed directly into the holders. We chose commercially 
available tea infusers to hold the baits, pegging these into the ground to prevent animals accessing 
and removing the bait. From early in the experiment, the tea infusers were additionally tied to the 
camera trap mount to keep them in position after one was pulled from the ground by an animal. Tea 
infusers containing no bait were used as experimental controls. 
Camera trap set-up  
The efficacy of using horizontal versus vertical camera trap orientation for small to medium-sized 
mammals has been much debated (Claridge and Paull 2014; Smith and Coulson 2012; Taylor et al. 
2014). We chose a vertical, overhead orientation for the following reasons: 
1. The very long tail (~150% of the combined head and body length; Figure 3.1) of N. aquilo 
conclusively distinguishes it from all other small mammals on Groote Eylandt. A vertical 
set-up ensures that the full length of the tail is always in view and never hidden behind the 
body as can sometimes occur when using horizontal orientation. 
2. The distance from the animal to the camera trap is constant when the camera traps are 
mounted vertically and at the same height. This provides an accurate indication of animal 
size which can aid greatly in identification. 
3. Vertical orientation reduces the amount of vegetation that must be cleared for camera traps 
to work effectively (Meek et al. 2014b); minimising habitat modification for the threatened 
species on Groote Eylandt was desirable for this study. 
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Figure 3.1 Camera trap image of Notomys aquilo illustrating the length of the tail in proportion to 
the head and body length. This distinguishing characteristic is consistently visible in images from 
vertical camera traps. 
 
Twenty camera traps with LED white flash illumination were used. Due to limited availability, we 
used a combination of Reconyx PC850 HyperFire (n = 12) and Reconyx HC550 HyperFire (n = 8) 
models. The trigger speed (1/5th second), settings, illuminator and image resolution for both models 
are the same (www.reconyx.com/compare.php, accessed 17/07/15). As these are the factors that 
influence detection variability between camera trap models (Meek et al. 2014a), we assumed no 
variability in detection between the models used. The camera traps were mounted on a star picket, 
1.5 m from the ground, using a bookshelf bracket as the attachment (Figure 3.2). The camera trap’s 
field of view (~1 m2) was cleared of vegetation and leaf litter to increase visibility of animals and 
also to reduce false triggers. The camera traps were set on fast shutter, one image per trigger with 
no delay between triggers.  
Experimental design 
The 20 camera traps were arranged in four transects 500–1500 m apart in sites where N. aquilo 
activity had been recorded with opportunistic camera trapping and other methods. Camera traps 
were assigned to stations set 50 m apart along each transect. Placement and rotation of baits 
followed a Latin Square crossover design. Each station in a transect contained one of the five 
treatments (four baits and a control) for four days and nights after which the camera trap was turned 
off and the bait holder was removed. Stations were left for one night between treatment changes to 
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reduce the effect of odour and behavioural habituation to the previous bait. The following day, the 
camera traps were reactivated and a new treatment was placed at the stations so that after 24 days, 
each station had received every treatment once. Memory cards were downloaded during each 
treatment change and species, date and time of detection were recorded from the images.  
 
Figure 3.2 Schematic diagram of the vertical camera trap set-up using a star picket, bookshelf 
bracket and screws. A tea infuser, pegged to the ground, was used as the bait holder. 
 
Individual identification and event definitions 
Unfortunately, there is no standardised, consistent method or equation to statistically or otherwise 
derive the optimal event period for camera trap studies (Meek et al. 2014b). Therefore, we 
examined our data to attempt to determine the event definitions that best suited our study. Multiple 
images of D. hallucatus that were captured at a camera trap station during the same night were 
examined to determine if they were of a different individual or the previously photographed 
individual. Identification was achieved by examining spot patterns on the animals’ dorsal surface 
(Figure 3.3). We found that rotating the images so that the animals were aligned in the same 
direction facilitated this process. The largest or most irregular spots were first compared between 
the images. If distinguishing spots from one animal could not be found on the second animal when 
their location was clearly visible, then the images were recorded as being of different individuals. 
When similar spots were found on one area of an animal in both images we then examined patterns 
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in different areas such as the rump, centre back, neck or between the ears to ensure a complete 
match. The second image was then recorded as being of the previous individual. These results were 
graphed to determine the time interval between successive images of D. hallucatus that best fitted 
the definition of a new event at the camera trap station (Figure 3.4). We narrowed the investigation 
to images of D. hallucatus between one and 60 minutes apart for consistency with other small 
mammal studies (Meek et al. 2012b; Paull et al. 2011). 
 
Figure 3.3 Camera trap images of Dasyurus hallucatus with distinguishing pelt patterns of 
individuals circled. Images (a) and (b) are of the same individual with a slightly different posture 
where the rump is tucked towards the body in the second image. Images (c) and (d) are of different 
individuals as demonstrated by the series of three streaked spots (c) or the denser spot pattern (d). 
 
 
Figure 3.4 The number of re-occurring images of Dasyurus hallucatus at camera trap stations 
within a one hour time period that were identified either as a different individual or the previously 
photographed individual. After the 10–15 minute interval, images of D. hallucatus were as likely to 
be a new individual as not. For clarity of comparison, intervals of less than one minute (n = 109) 
were not included in the figure.   
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In the present study, it was desirable that each event captured a new individual encountering the bait 
or the previous individual leaving the camera trap station and being re-attracted to the bait at a later 
time. For D. hallucatus, individuals contacting the bait station after 10-15 minutes were as likely to 
be a different individual as they were the previous individual (Figure 3.4). Therefore, we defined a 
new event for D. hallucatus as at least 15 min since the previous detection of this species. Event 
periods were also defined for N. aquilo, the northern brown bandicoot (Isoodon macrourus) and the 
agile wallaby (Notamacropus agilis). No additional images of N. aquilo were captured within a 
night after 5 min so this was selected as the delineator for new events for this species. There were 
nine instances where successive images of I. macrourus less than 60 min apart could be 
distinguished as being of different individuals, either because of distinctive injuries such as part of 
the tail missing or because the animals were of greatly different body sizes. Of these nine instances, 
three of these occurred less than 15 minutes since the previous detection of this species and the 
remaining six were between 15 and 60 minutes apart. Based on this anecdotal evidence, we selected 
15 min as the event delineator for this species. We increased the event interval for N. agilis to 30 
min due to the apparent tendency of this species to spend longer periods of time at the camera trap 
stations. Although not used in the analysis of data, 30 min was selected as the default event period 
for all other species. If a new individual could be conclusively identified within the defined event 
delineation period, a new event was counted. This occurred once for D. hallucatus (Figure 3.4) and 
three times for I. macrourus.   
Data analysis 
Data were analysed for N. aquilo, D. hallucatus, I. macrourus and N. agilis. A generalized linear 
model (GENMOD procedure) was constructed in SAS version 9.4 (SAS Institute Inc.) with transect 
(d.f. = 3), period (d.f. = 4) and bait (d.f. = 4) as the factors in the analysis. The response variable 
was the number of photo events per species and treatment per 4-day period. A Poisson distribution 
was assumed for N. aquilo and D. hallucatus and a negative binomial distribution for I. macrourus 
and M. agilis due to clumping of the data. Within each species, means for each bait treatment were 
compared using 2-tailed Z-tests. Means and confidence intervals from the fitted models were 
transformed back to the original count scale for presentation. 
Results  
All camera traps were fully functional during the study, resulting in 320 camera trap nights (CTN), 
which collected a total of 1929 images. Of these, 196 were classed as ‘false triggers’, as the 
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photograph did not contain an animal. Seven images of birds could not be identified, but the 
remaining 1726 images were of animals that could be identified to species level. Of 230 images of 
D. hallucatus, six could not be identified to the individual level because not enough of the animal’s 
pelage was in the field of view or the animal was wet or not in focus, which obscured the spot 
patterns. Ten individual D. hallucatus were identified overall. We identified 15 vertebrate species 
including seven mammals (Table 3.1). I. macrourus was the most commonly photographed species 
at 82.13 events per 100 CTN, followed by N. agilis (35), D. hallucatus (29.06) and N. aquilo (6.88).  
 
Table 3.1 Summary of species captured on camera traps during the 24-day trial period from 20 
stations set in four transects. 
  Species Events Images Transects Stations 
Mammal 
Canis dingo 4 10 2 3 
Dasyurus hallucatus 93 230 3 11 
Felis catus 4 16 1 2 
Isoodon macrourus 266 775 4 19 
Notamacropus agilis 112 617 4 19 
Notomys aquilo 22 29 4 11 
Pseudomys delicatulus 1 2 1 1 
Bird 
Centropus phasianinus 3 4 2 3 
Geopelia humeralis 5 5 2 4 
Phaps chalcoptera 5 8 1 2 
Ptilonorhynchus nuchalis 2 6 1 2 
Unidentified bird 5 7 3 4 
Reptile 
Chlamydosaurus kingii 1 1 1 1 
Diporiphora bilineata 1 2 1 1 
Varanus panoptes 13 19 3 11 
Varanus tristis 2 2 2 2 
  False trigger N/A 196 4 15 
 
Bait type significantly affected the mean number of events for D. hallucatus (Figure 3.5a) and I. 
macrourus (Figure 3.5b). For D. hallucatus, peanut butter with oats was markedly more attractive 
than the control (P = 0.0004), corn (P < 0.0001) and sunflower kernels (P = 0.0011) but not sesame 
oil (P = 0.9042); and sesame oil was more attractive than the control (P = 0.0003), corn (P < 
0.0001) and sunflower kernels (P = 0.0008). For I. macrourus, peanut butter with oats was the most 
attractive bait. It was considerably more attractive than the control, corn and sunflower kernels (P < 
0.0001) as well as sesame oil (P = 0.0004); and sesame oil was more attractive than the control (P = 
0.0108) and corn (P = 0.0031) but not sunflower kernels (P = 0.3273). The overall effect of bait on 
mean number of events was not significant for N. aquilo (P = 0.2044; Figure 3.5c); although there 
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was a 3.5-fold greater number of N. aquilo events with sesame oil and sunflower kernels than with 
the control bait holder, confidence intervals showed much overlap. The number of events for N. 
agilis was slightly, but not significantly higher, with the corn and control bait holder than with other 
bait types (P = 0.3971; Figure 3.5d). 
Discussion 
Capture rates for N. aquilo at the camera traps were low compared to the three more abundant 
mammals at the study site. This is not surprising given the much smaller body size and semi-
fossorial behaviour of this species. Nevertheless, the results do indicate that standardised camera 
trapping is a viable method for sampling N. aquilo, which could replace the currently used but 
ineffective method of indexing the species’ abundance using indirect signs. The small sample size 
due to the low activity or abundance of N. aquilo possibly caused the failure to determine the most 
attractive bait for this species. However, two of the baits captured 3.5 times more events than the 
control and, while considerable variance was associated with these events, it is possible that camera 
trapping this species will benefit from the use of these bait attractants. The type of bait selected for 
future studies of N. aquilo could be determined by the requirements to index other species 
concurrently, reduce non-target by-catch or the longevity of baits in the field.  In our study, baits 
were left in situ for only four days to reduce the possibility that animals would become acclimatised 
to them over time; however, most studies leave bait for much longer periods. When camera trap 
baits cannot be changed regularly, sesame oil may be attractive for longer than other baits as we 
observed that both peanut butter and corn dried rapidly and any uncrushed sunflower kernels 
sprouted after rain. If threatened species are targeted and reducing common non-target species 
activity is desirable, sesame oil would be the preferred choice as this bait was equally the most 
attractive to D. hallucatus, but not to I. macrourus. For general fauna surveys the universal bait of 
peanut butter with oats may be optimal, as has been reported in other studies (Claridge et al. 2015; 
Paull et al. 2011).  
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Figure 3.5 The mean number of photo events per 4-day period for each of four selected study 
species. Error bars represent 95% confidence intervals. Control = empty bait holder, PB = Peanut 
butter with oats, Corn = fresh corn kernels, SO = sesame oil soaked into cotton wool, SK = 
sunflower kernels. 
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Peanut butter with oats was far more attractive to I. macrourus than any other bait. This is 
consistent with the study by Paull et al. (2011) that demonstrated this to be the most attractive bait 
to two other species of bandicoot. Conversely, N. agilis was the second most camera-trapped 
species during our study, but no preferences for bait type could be detected. This could be explained 
by the behaviours we observed from the photographs of this species. N. agilis appeared to be 
attracted to the camera station itself, with individuals often investigating or sniffing the star picket 
and cleared ground as frequently as they did the bait container. They also had the inconvenient habit 
of using the cleared space as a rest area, thus increasing the number of photographs at used sites. 
Camera trap monitoring of this species could possibly be conducted by targeting runways, watering 
points or with a food reward rather than with the scent of baits. 
Individual identification of D. hallucatus was easily achieved using single photographs from white 
flash vertical camera traps with less than 0.03% of images not identifiable to the level of individual. 
The overhead orientation greatly reduced the variation in animal posture that has previously 
inhibited pelage pattern visibility (Hohnen et al. 2013). Additionally, the clarity of pelage patterns 
was increased by the flash type which provides night time images in colour and with greater 
contrast. Hohnen et al. (2013) ‘enticed’ D. hallucatus to show their backs to the camera trap by 
smearing bait on a vertical surface. This method often required several consecutive images for 
effective identification of individuals (Hohnen et al. 2013). In this study, the dorsal surface was 
always visible and only one image per trigger was required. This vertical camera trap set-up could 
be effective for capture-recapture studies of D. hallucatus. Although D. hallucatus was abundant on 
the forest floor near rocky habitat at our study site, other populations may be more restricted to 
rocky areas that limit the vertical positioning of camera traps. This issue could be overcome with 
the use of commercially available tripods, although these may be cost-prohibitive.   
By identifying individual D. hallucatus, we were able to derive the optimal event period for this 
species. Deriving the event duration improved the robustness of our assessments for bait 
attractiveness and may inform other studies on this or similar species where individual 
identification is not feasible. It is clear from our results that had we used a one hour interval as the 
event delineator, and could not successfully identify individuals, several visits by new individuals 
would have been missed.  
All images of mammals captured during our study could be identified to species, even though it is 
not uncommon for studies to report that some images of mammals could not be identified (De 
Bondi et al. 2010; Paull et al. 2011). We ensured that vegetation was cleared from the field of view 
as this can inhibit species identification (De Bondi et al. 2010). However, the use of high quality 
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white flash camera traps was likely the predominant factor in our being able to collect easily 
identifiable photographs. Infrared flash type is often selected in the hope that it will increase capture 
success by reducing detection of the device by the animal. However, this is not always the case 
(Meek and Pittet 2012) because infra-red illumination reduces image quality and animal recognition 
(Glen et al. 2013).  
Information regarding bait attractiveness to different species is critical for selecting the ‘best bait for 
your buck’. This study adds to a growing body of knowledge indicating that peanut butter and oats 
is an ideal bait for standard mammal surveys using camera traps. Optimal detection of small 
mammals using camera traps also relies on an appropriate choice of camera trap model, optimal 
settings, placement and orientation in relation to the animal’s passage. We recommend those 
outlined here for future studies of the cryptic and rarely captured N. aquilo. In addition, we have 
demonstrated a method for camera trapping D. hallucatus that has potential to improve the efficacy 
of capture-recapture, and therefore, population studies of this species. Further studies refining 
camera trap methodologies will aid the pressing need to monitor and conserve Australia’s 
threatened mammals.    
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Kicking the bucket: is there a one-size-fits-all pitfall trap for general fauna surveys? 
Abstract 
Using the most effective methods for monitoring fauna populations and communities is critical for 
successful wildlife conservation and management. We compared the effectiveness of three different 
sized pitfall traps in capturing the northern hopping-mouse (Notomys aquilo) and sympatric 
terrestrial vertebrates in two different habitats on Groote Eylandt, Australia. Forty species of 
mammal, reptile and frog were captured from 7917 trap nights. Conventional 20-litre bucket pitfall 
traps were used in a subset of the study and were more effective in capturing small lizards in 
woodland habitat and large lizards in grassland habitat than narrow, deep pitfall traps. In the 
broader study, wide, deep pitfall traps were more effective than narrow, deep pitfall traps at 
capturing N. aquilo, large lizards, two species of small lizard and small lizards overall. There was 
no significant effect of these two trap types on the delicate mouse (Pseudomys delicatulus), one 
species of small lizard, one species of frog, or frogs overall. Wide, deep pitfall traps (22.5 cm wide, 
65 cm deep) were more effective than either bucket or narrow pitfall traps at capturing both small 
mammals and herpetofauna concurrently. Therefore, we suggest that wide, deep pitfall traps are a 
viable alternative to the other trap types that are currently in common use in general fauna surveys. 
Introduction 
Monitoring of animal populations and fauna communities is a fundamental component of wildlife 
conservation and management. The efficacy of trapping methods in monitoring target species is of 
critical importance and there have been many evaluations of the effectiveness of trap types (Burger 
et al. 2009; Enge 2001; Umetsu et al. 2006; Williams and Braun 1983), trapping array (Enge 2001; 
Friend et al. 1989; Hobbs et al. 1994; Kutt and Vanderduys 2014; Ribeiro-Júnior et al. 2011) and 
baits (Patric 1970; Wayne 2008; Woodman et al. 1996) for targeting particular taxonomic groups. 
The effect of pitfall trap size on capture success has also received some attention, with several 
studies comparing traps of different apertures and depths. Friend et al. (1989) found that overall, 
more animals were captured in 20-L buckets (29 cm wide, 40 cm deep) compared to narrow tubes 
(15 cm wide, 60 cm deep). When species were grouped taxonomically, buckets captured 
significantly more of all herpetofauna groups, but small mammals were captured equally in the two 
pitfall trap types (Friend et al. 1989). Similarly, Morton et al. (1988) found that bucket pitfall traps 
captured more individuals and more species of reptile compared to narrow tubes. Ribeiro-Júnior et 
al. (2011) compared pitfall traps of increasing aperture and depth and found no significant 
differences in species richness for herpetofauna, but the widest and deepest of the traps was the 
most effective for capturing mammals. In contrast, Thompson et al. (2005) found that narrow tubes 
Chapter 3 Survey techniques 
63 
 
captured more small mammals than 20-L buckets, and attributed this to the shallower depth of the 
buckets, which allowed some species to escape.  
Read et al. (2015) tested the effect of both depth and aperture of pitfall traps on several species of 
small–medium sized mammals. The larger of these species, Sminthopsis psammophila and Notomys 
mitchellii, were captured significantly more often in wide, deep pitfall traps (22.5 cm wide, 60–70 
cm deep) than in either narrow short (15 cm × 50 cm) or narrow deep (15 cm × 60–70 cm) pitfall 
traps. However, there was no effect of pitfall trap size on the smaller mammal species. Capture rates 
for herpetofauna were not reported in the study by Read et al. (2015), and the effect of a deep pitfall 
trap wider than 15 cm has rarely been evaluated for this taxonomic group (but see Ribeiro-Júnior et 
al. 2011). 
In Australia, pitfall traps are used in most standard fauna surveys in conjunction with other traps 
and sampling methods. However, recommendations for pitfall trap type varies between different 
agencies and authors. For example, 20-L buckets are the recommended pitfall trap type for fauna 
assessments in the Northern Territory (NRETAS 2011) and Queensland (Eyre et al. 2014). In New 
South Wales, either buckets or narrow tubes are recommended for pitfall trapping threatened 
species (DEC 2004), while Thompson et al. (2005) and Thompson (2007) advocate a mixture of 
both trap types. The selection of a particular pitfall trap type can result in a biased interpretation of 
fauna diversity due to the tendency for buckets to capture more reptiles and narrow tubes to retain 
more small mammals (Thompson et al. 2005). However, the use of two different pitfall trap types 
may double the effort required for trap installation for species that are predominantly captured in 
one trap type. Therefore, a pitfall trap that is effective at capturing both herpetofauna and small 
mammals would greatly increase the efficacy of general vertebrate fauna surveys.  The variance in 
results between studies suggests that there is not, as yet, a ‘one-size-fits-all’ approach to pitfall 
trapping. 
The northern hopping-mouse (Notomys aquilo) is trap-shy towards box-style traps that are generally 
effective in capturing other species of murid rodents (Johnson 1964; Woinarski et al. 1999). Deep 
pitfall traps were recently used in an ecological study of N. aquilo (Diete et al. 2016; Chapter 4). 
However, it is unknown if capture rates of this rare, threatened species can be improved by the use 
of a deep pitfall trap that is wider than 15 cm. This question formed the basis of our study. 
Additionally, we tested if capture rates of herpetofauna would be higher in wide, deep pitfall traps, 
compared to conventional narrow traps, and if capture rates would be significantly lower in tube 
pitfall traps compared to buckets.  
 
R. L. Diete 
64 
 
Methods 
Study site 
The study was conducted on Groote Eylandt, in the wet-dry tropics of the Northern Territory, 
Australia. The island has a comparatively large and intact terrestrial vertebrate assemblage due to its 
size (2378 km2) and mostly pristine landscapes. Rainfall occurs almost entirely within the ‘wet’ 
season, from November to April. The dominant habitat type is eucalypt woodland with a variety of 
understories and substrates. Other habitat types include mangroves, vine forests, dune complexes 
and grassland. This study targeted two broad habitat types in particular: woodland dominated by 
Eucalyptus tetrodonta on sand, with ground cover less than 40%; and, sand plain–coastal grassland, 
with tussock grass ground cover of less than 40%. These habitats were selected because they were 
possibly those preferred by N. aquilo.   
Trapping 
As N. aquilo is likely to be able to escape from wide, shallow pitfall traps and this species was the 
focus of the broader study, less investment was directed to shallow pitfall traps than to deeper pitfall 
traps. Pitfall trapping was conducted on the island from April 2013 to December 2014 in the 
woodland and grassland habitats described above. In 2013, two pitfall trap grids were established, 
one in each habitat type, each containing three different sized pitfall traps. ‘Bucket’ pitfall traps 
consisted of 20-L plastic buckets, 29 cm wide and 40 cm deep. Tube pitfall traps were constructed 
of PVC storm water pipe with aluminium insect screen covering the bottom to prevent animals 
digging or escaping once captured. ‘Wide Tubes’ were 22.5 cm wide, 65 cm deep and ‘Narrow 
Tubes’ were 15 cm wide, 65 cm deep.  Each pitfall trap was placed in the ground, so that the 
opening was level with the ground surface, and a 10 m long, 40 cm high drift fence made of 
aluminium insect screening was placed over the centre of each trap. Pitfall traps were set 30 m 
apart, alternating by trap type, in a grid 4 × 22.5 or 6 × 15. Trapping grid shape depended on the 
shape of the available habitat. In 2014, five more trapping grids were installed with 30 tube pitfall 
traps only (15 of each type), alternating by trap type, 30 m apart, in rows of three or four.   
The woodland trapping grid with all three pitfall trap types (Cave Paintings site) was used twice in 
2013 before the buckets were removed and used on six more trapping occasions for the remainder 
of the study. The grassland trapping grid with all three pitfall trap types (Tasman site) was used 
once in 2013 and once in 2014. The other five trapping grids, with tubes only, were used 1-5 times 
in 2014 (Table 3.2). All but one grid (Mine Beach site) in two sessions had permanently erected 
drift fences. The fences were removed between trapping occasions at this site due to the risk of 
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them being destroyed by fire. A gap was cut into all drift fences above the pitfall trap to allow 
movement of animals while traps were closed (Friend et al. 1989). In areas with very soft sand, we 
observed tracks of animals over closed pitfall traps which suggested that this technique is useful in 
reducing the impact of animals becoming conditioned to avoiding the traps.  
Table 3.2 Habitat and pitfall trapping effort for seven sites on Groote Eylandt in 2013 and 2014. 
    Trap nights Trapping occasions 
Site Habitat Bucket Wide Tube Narrow Tube With buckets Tubes only 
Cave Paintings Woodland 644 1611 1736 2 6 
Tasman Grassland 570 600 600 2 0 
Top Crossing Woodland 0 373 373 0 5 
Mine Beach Grassland 0 285 285 0 4 
Eastern Lease Woodland 0 210 210 0 3 
Angurugu Woodland 0 105 105 0 1 
Quarry Woodland 0 105 105 0 1 
  Total 1214 3289 3414 4 20 
 
Pitfall traps were checked every morning at dawn and animals were identified to species when 
possible and released at the point of capture. Frogs of the genus Crinia could not reliably be 
identified in the field, so were grouped together. N. aquilo was permanently marked for individual 
identification, while other mammals were marked for identification within trapping occasion by 
cutting some fur on the rump. However, herpetofauna were not marked; therefore, numbers of 
captures rather than individuals were used in the analysis of data for all species.  
Statistical analyses 
Lizard and mammal species with combined head and body (mammal) or snout-vent (lizard) lengths 
of less than 90 mm were placed into the ‘small’ category. Lizards (excluding pygopodids) over this 
size were placed in the Large Lizard category and larger terrestrial mammals were categorised as 
Medium Mammals (Table 3.3). Capture rates for individual traps were low, but many traps were 
operated at each site each day. Therefore, we used the trap day within site, using all operational 
traps per grid, as the experimental unit. At the Tasman and Cave Paintings sites, when all three 
pitfall trap types were operated concurrently, data were analysed for species and classes for which 
there were more than 45 captures at each site over the two trapping occasions. ANOVAs were 
constructed for each site for captures per 100 trap nights, with trap day and pitfall type as factors in 
the model. This was weighted for trap nights at the Cave Paintings site, where the trapping effort 
was slightly unequal between trap types.  
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Table 3.3 Total number of species and captures of terrestrial vertebrates made during the study. 
Due to unequal trap effort between trap types, captures in Bucket, Wide (W) Tube and Narrow (N) 
Tube are standardised in captures per 100 trap nights (TN).  
     Captures per 100 TN   
Category Species Taxon Bucket W Tube N Tube Total captures 
Small lizard Carlia amax Skink 1.40 1.34 0.76 87 
 Carlia munda Skink 2.97 5.14 3.34 319 
 Cryptoblepharus metallicus Skink 0.66 0.91 0.50 55 
 Ctenotus quirinus Skink 2.22 2.58 2.72 205 
 Ctenotus striaticeps Skink 1.32 0.40 0.32 40 
 Diporiphora bilineata Dragon 4.28 2.80 2.28 222 
 Eremiascincus isolepis Skink 0.41 0.49 0.38 34 
 Heteronotia binoei Gecko 0 0.52 0.29 27 
 Lerista carpentariae Skink 0.33 0.15 0.18 15 
 Menetia alanae Skink 1.73 1.22 1.64 117 
 Notoscincus ornatus Skink 0.16 0 0 2 
 Proablepharus tenuis Skink 0 0.24 0.26 17 
 Unidentified small lizard  0 0.09 0.06 5 
 Total  15.49 15.87 12.74  
Large lizard Chlamydosaurus kingii Dragon 0 0.06 0.03 3 
 Ctenotus inornatus Skink 2.22 0.73 0.21 58 
 Lophognathus gilberti Dragon 0.58 0.55 0.15 30 
 Tiliqua scincoides Skink 0 0.03 0 1 
 Varanus glebopalma Monitor 0 0 0.03 1 
 Varanus panoptes Monitor 0.16 0.06 0.03 5 
 Varanus tristis Monitor 0 0.06 0.03 3 
 Total  2.97 1.49 0.47  
Small 
mammal 
Planigale maculata Marsupial 0.49 0.09 0.21 16 
Pseudomys delicatulus Rodent 9.88 6.20 7.76 589 
 Total  10.38 6.29 7.97  
Medium 
mammal 
Dasyurus hallucatus Marsupial 0 0.03 0.03 2 
Isoodon macrourus Marsupial 0 0.06 0.03 3 
 Melomys burtoni Rodent 0.08 0.49 0.26 26 
 Notomys aquilo Rodent 0.25 0.97 0.44 50 
 Total  0.33 1.55 0.76  
Frog Crinia spp. Frog 0 2.40 1.52 131 
 Litoria nasuta Frog 0 0.15 0.15 10 
 Litoria tornieri Frog 0 0.55 0.15 23 
 Platyplectrum ornatum Frog 0.25 3.37 3.87 246 
 Uperoleia inundata Frog 0.16 1.31 0.82 73 
 Uperoleia lithomoda Frog 0.16 1.79 1.41 109 
 Unidentified frog Frog 0 0.03 0.12 5 
 Total  0.58 9.61 8.03  
Snakes and 
pygopodids 
Delma borea Pygopodid 0.33 0.03 0.06 7 
Demansia olivacea Snake 0 0 0.03 1 
 Lialis burtonis Pygopodid 0.08 0.09 0.12 8 
 Pseudechis weigeli Snake 0 0.03 0 1 
 Ramphotyphlops diversus Snake 0.08 0 0 1 
 Ramphotyphlops unguirostris Snake 0 0.03 0 1 
 Total  0.49 0.18 0.21  
Other Chelodina rugosa Turtle 0 0.03 0 1 
 Macroderma gigas Bat 0 0.09 0 3 
 Podargus strigoides Bird 0 0.03 0 1 
  Total   0 0.15 0   
  Grand total 30.23 35.15 30.17 2553 
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For the larger dataset, comparing Wide and Narrow Tubes only, ANOVA was constructed for 
captures per 100 trap nights for species and classes for which there were over 170 captures across 
all trapping occasions except for N. aquilo (n = 47) and Large Lizards (n = 65). Small and Medium 
Mammal classes were not analysed because Pseudomys delicatulus and N. aquilo comprised the 
majority of these classes, respectively. Analysis for N. aquilo was restricted to data from Cave 
Paintings, as all but three captures were from this site. Factors initially selected in the model were 
habitat, site, season, trap day and pitfall type, as well as interactions between these, and weighted 
for trap nights. If none of the interactions between pitfall type and other factors were significant, a 
much simpler model was constructed using only trap day and pitfall type as factors and weighted 
for trap nights. The only species or class for which any such interaction had a significant effect was 
Large Lizards; therefore the simplified analysis was used for all others. Tukey pairwise 
comparisons were used to demonstrate significant differences between pitfall trap types or 
interactions in post hoc tests. All statistical analyses were conducted in R (R Core Team 2015). 
Results 
A total of 2553 captures of at least 40 vertebrate species resulted from 7917 trap nights during the 
study (Table 3.3). Small lizards were the most common captures, followed by P. delicatulus. Frogs 
were abundant at some sites during the wet season only. 
Wide Tube vs Narrow Tube 
Mean capture rates differed significantly between Wide and Narrow Tubes for five of the nine 
species or categories analysed (Figure 3.6). For all that were significant, Wide Tubes captured more 
animals than Narrow Tubes (Figure 3.6). Wide Tubes captured more than twice the number of N. 
aquilo than Narrow Tubes (F1,62 = 6.626, P = 0.013). More P. delicatulus were captured in Narrow 
Tubes, but this difference was not significant (F1,159 = 2.455, P = 0.119). The effect was strongly 
significant for Carlia munda (F1,159 = 12.68, P < 0.001), less so for Diporiphora bilineata (F1,159 = 
6.596, P = 0.011) and there was no effect on captures of Ctenotus quirinus (F1,159 = 0.048, P = 
0.827). When Small Lizard captures were pooled, 3.57 (SE = 1.04) more animals were captured per 
100 trap nights in Wide Tubes (F1,159 = 15.10, P < 0.001). Although captures of Large Lizards were 
low, the effect of pitfall trap type was strongly significant (F1,159 = 15.487, P < 0.001). However, 
there was a significant interaction between habitat and pitfall type (F1,280 = 8.045, P = 0.005). Post 
hoc comparisons revealed that capture rates were significantly different between Wide and Narrow 
Tubes in grassland habitat (P < 0.001) but not in woodland (P = 0.199). Frogs were captured at an 
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overall rate of 8.8 per 100 trap nights. However, there was no difference between trap types when 
all captures were pooled (F1,159 = 1.397, P = 0.239), or for the most abundant frog species, 
Platyplectrum ornatum (F1,159 = 0.932, P = 0.336). 
 
 
Figure 3.6 Mean captures of the mammals Notomys aquilo and Pseudomys delicatulus, reptiles 
Carlia munda, Diporiphora bilineata and Ctenotus quirinus, and frog Platyplectrum ornatum, as 
well as taxonomic groupings in Wide Tube and Narrow Tube pitfall traps across all sites and 
trapping occasions. Data for N. aquilo were analysed for the Cave Paintings site only. Labelling 
denotes significant (S) and non-significant (NS) differences and the error bars represent the 95% 
confidence interval.  
 
Bucket, Wide Tube and Narrow Tube 
Mean capture rates were affected by pitfall trap type for Small Lizards in the woodland (F2,22 = 
7.149, P = 0.002) (Figure 3.7a) and Large Lizards in the grassland (F2,19 = 6.82, P = 0.003) (Figure 
3.7b). Post hoc comparisons identified a significant difference between Bucket and Narrow Tubes 
for both of these groups (Small Lizards, P = 0.002; Large Lizards, P = 0.002) but not for the other 
comparisons. Similarly, mean number of captures per day decreased with pitfall trap aperture for C. 
quirinus in the woodland (F2,22 = 4.802, P = 0.013) again, with a significant difference between 
Buckets and Narrow Tubes only (P = 0.011). However, the effect of pitfall trap type was less clear 
0
2
4
6
8
10
12
14
16
18
M
ea
n
 c
ap
tu
re
s 
p
er
 1
0
0
 t
ra
p
 n
ig
h
ts
Wide Tube
Narrow Tube
S
S
NS
NSS
S
S
NS
NS
Chapter 3 Survey techniques 
69 
 
for the other species and categories analysed. There was no effect of trap type for P. delicatulus in 
the woodland (F2,22 = 1.526, P = 0.229) (Figure 3.7a), but a significant effect occurred in the 
grassland (F2,19 = 4.001, P = 0.027). In post hoc comparisons for grassland habitat, there was a 
marginally significant difference between Wide and Narrow Tubes (P = 0.043) but not between 
Buckets and Wide Tubes (P = 0.059) or between Buckets and Narrow Tubes (P = 0.994) (Figure 
3.7b). Captures of C. munda in the woodland were highest in Buckets, but not significantly so (F2,22 
= 1.438, P = 0.248) (Figure 3.7a). Pitfall trap type did not significantly affect captures of D. 
bilineata in the woodland (F2,22 = 3.113, P = 0.054) or grassland (F2,19 = 1.551, P = 0.225) (Figure 
3.7). There was also no effect of pitfall trap type when Small Lizards in the grassland were pooled 
(F2,19 = 2.031, P = 0.146) (Figure 3.7b). Data were too sparse to analyse this subset for captures of 
N. aquilo. However, Bucket pitfall traps captured only three small juveniles together on one 
occasion, while 15 individuals were captured in Tube pitfall traps on the same trapping occasions.  
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Figure 3.7 Mean captures at the (a) Cave Paintings (woodland) and (b) Tasman (grassland) 
trapping sites for the subset study comparing Bucket, Wide Tube and Narrow Tube pitfall traps for 
Pseudomys delicatulus, Carlia munda, Ctenotus quirinus, Diporiphora bilineata and Small and 
Large Lizard groups. Labelling denotes significant (S) and non-significant (NS) differences within 
groups and the error bars represent the 95% confidence interval. 
  
Discussion 
Our study supports the conclusions of Read et al. (2015) and Ribeiro-Júnior et al. (2011) that deep, 
wide pitfall traps are more effective at capturing some mammal species than shallow or narrow 
pitfall traps. Wide Tubes were clearly the most effective pitfall trap for capturing the elusive N. 
aquilo. Although captures of the similarly-sized Melomys burtoni were too few for analysis, a 
similar trend was observed, with Wide Tubes capturing nearly twice as many animals as Narrow 
Tubes (Table 3.3). Unfortunately we were unable to specifically test the effect of the shallower 
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depth of the buckets. However, the effect of depth on capture rates can be inferred from the results 
of this and other studies. Only three juvenile N. aquilo and one M. burtoni were captured in Buckets 
which indicates that larger small mammals can escape from these traps; an observation supported 
by previous studies (Read et al. 2015; Thompson et al. 2005). As little as 8 cm difference in depths 
of pitfall traps can determine whether some small mammals are retained in traps or escape (Pestell 
and Petit 2007). It is conceivable that the large hopping gait of N. aquilo of up to 60 cm (Woinarski 
and Flannery 2008) reduces the likelihood of it falling into a pitfall trap with an aperture of only 15 
cm. We were unable to determine if the slightly higher drift fence used in this study (40 cm as 
opposed to the commonly used 30 cm) had any effect on captures of N. aquilo or other species but 
this could be tested in future studies. Optimising monitoring techniques for N. aquilo is crucial for 
ongoing efforts to conserve this threatened species (Diete et al. 2016; Chapter 4).   
In the broader study, Wide Tubes captured significantly more animals than Narrow Tubes for more 
than half of the taxonomic groups analysed. This is consistent with results of some previous studies 
that animal captures generally increase with pitfall trap aperture (Friend et al. 1989; Morton et al. 
1988). The trend was most apparent for the Large and Small Lizard categories and for some 
individual species of reptile. In the subset study, Large and Small Lizards were also captured more 
frequently in Buckets than Narrow Tubes. Given this observed positive relationship between 
capture rates and pitfall trap aperture for reptiles (Figure 3.7), it seems likely that in a large enough 
dataset, Buckets would also capture significantly more reptiles than Wide Tubes. Although capture 
rates of reptiles are often higher in wider pitfall traps, bias in the number of species captured 
between trap types can be attenuated by suitable trapping effort (Thompson et al. 2005). A similar 
result was seen here, as Narrow Tubes captured almost the same number of species as Wide Tubes 
(Table 3.3) even though more reptiles were captured in the latter. 
The effect of pitfall trap size on captures of some other species and animal categories was less clear. 
For example, capture rates for the very small mouse, P. delicatulus, were lowest in Wide Tubes 
compared to Buckets or Narrow Tubes in grassland habitat, but the same effect was not observed in 
woodland habitat or in captures of this species overall. This suggests that the effect of pitfall trap 
type may be affected by localised conditions, such as habitat. It is possible that in the open 
grassland habitat of the Tasman site, wide, deep pitfall traps were more visible than shallow or 
narrow traps, or they had some other unexplained behavioural effect on P. delicatulus. Similarly, 
the effect of pitfall trap type on captures was affected by habitat for Large Lizards. However, we 
believe this is more likely due to a difference in species composition for this category, as Ctenotus 
inornatus was the most abundant Large Lizard in the grassland, while in the woodland, it was 
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Lophognathus gilberti. Unfortunately, captures of these species were too sparse for individual 
analysis to determine if they are differentially affected by pitfall trap type. 
Friend et al. (1989) captured more frogs in Buckets compared to Narrow Tubes. Although our data 
for comparing these two trap types were too sparse for analysis, we detected no significant 
difference between Wide Tubes and Narrow Tubes in capturing frogs, even with relatively high 
capture rates. Similarly, Ribeiro-Júnior et al. (2011) found no difference in either species richness 
or abundance for frogs between three different sized pitfall traps. This suggests that pitfall trap 
aperture has a reduced effect on capture rates of frogs in some communities.  
Given the variability in capture rates of different taxa within and between studies, it appears that the 
efficacy of pitfall trapping is possibly influenced by factors such as the behaviour, anatomy and 
locomotion of animals, as well as environmental elements such as habitat type and climate. A 
critical analysis of animal responses to different pitfall traps under certain field conditions (for 
example, by recording animal–pitfall trap interactions with camera traps), would greatly inform 
researchers on how pitfall trap efficacy can be improved. 
Our study is supportive of previous research demonstrating that capture rates of the larger small 
mammals can be improved by the use of wide, deep pitfall traps, while smaller mammals and 
amphibians are generally unaffected. Although reptile captures are generally higher in bucket-style 
pitfall traps, these traps are ineffective in capturing larger, more agile small mammal species; some 
of which, such as N. aquilo, are not sampled by other conventional trapping methods. The Wide 
Tube pitfall trap successfully moderated the bias in captures of reptiles that has been demonstrated 
between Buckets and Narrow Tubes (Thompson et al. 2005). Conceivably, even greater apertures of 
deep pitfall traps would continue to increase captures of reptiles and some mammals. However, 
larger pitfall traps incur a higher cost and effort associated with their installation and possibly 
provide less protection against weather and predators than tube-style pitfall traps. Additionally, 
using a combination of traps to effectively sample different small vertebrates can increase the 
required effort to achieve the same sample sizes. In conclusion, we suggest that the Wide Tube 
pitfall trap be used to improve the efficacy of general vertebrate fauna surveys, at least in habitats 
similar to those studied here, and that future trapping surveys for N. aquilo would benefit from the 
use of wide, deep pitfall traps. 
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Ecology and conservation of the northern hopping-mouse (Notomys aquilo) 
Abstract 
The northern hopping-mouse (Notomys aquilo) is a cryptic and enigmatic rodent endemic to 
Australia’s monsoonal tropics. Focusing on the insular population on Groote Eylandt, Northern 
Territory, we present the first study to successfully use live traps, camera traps and radio-tracking to 
document the ecology of N. aquilo. Searches for signs of the species, camera trapping, pitfall 
trapping and spotlighting were conducted across the island during 2012–15. These methods 
detected the species in three of the 32 locations surveyed. Pitfall traps captured 39 individuals over 
7917 trap-nights. Females were significantly longer and heavier, and had better body condition, 
than males. Breeding occurred throughout the year; however, the greatest influx of juveniles into 
the population occurred early in the dry season in June and July. Nine individuals radio-tracked in 
woodland habitat utilised discrete home ranges of 0.39–23.95 ha. All individuals used open 
microhabitat proportionally more than was available, and there was a strong preference for eucalypt 
woodland on sandy substrate rather than for adjacent sandstone woodland or acacia shrubland. 
Camera trapping was more effective than live trapping at estimating abundance and, with the lower 
effort required to employ this technique, it is recommended for future sampling of the species. 
Groote Eylandt possibly contains the last populations of N. aquilo, but even there its abundance and 
distribution have decreased dramatically in surveys over the last several decades. Therefore, we 
recommend that the species’ conservation status under the Environment Protection and Biodiversity 
Conservation Act 1999 be changed from ‘vulnerable’ to ‘endangered’. 
Introduction 
The northern hopping-mouse (Notomys aquilo) is regarded as a cryptic and enigmatic species. 
Within a genus of largely arid-dwelling rodents, N. aquilo is the only extant species in Australia’s 
northern, monsoonal tropics. In determining the distribution, habitat requirements and conservation 
status of N. aquilo, Woinarski et al. (1999) relied solely on indirect signs of its presence because 
trapping, spotlighting and predator scat studies failed to detect it. The type specimen was reportedly 
collected from Cape York (Woinarski et al. 1999); however, the current species distribution 
includes only Groote Eylandt and a small area in coastal Arnhem Land (IUCN 2008). An absence 
of recent mainland records (Woinarski et al. 2014) suggests that Groote Eylandt possibly holds the 
last remaining extant populations of the species. N. aquilo is currently listed as ‘vulnerable’ under 
the Environment Protection and Biodiversity Conservation (EPBC) Act 1999 (Woinarski et al. 
2014). However, on the IUCN Red List, it is regarded as ‘endangered’ because of its small and 
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declining distributional range as well as declines in the quality and extent of its habitat (Woinarski 
2008).  
An important behaviour of hopping-mice is the construction of ‘spoil heaps’, which are piles of soil 
that mark the original entrance to their burrow systems. This initial entry point is subsequently 
back-filled from inside, and straight, narrow shafts known as pop holes are then used as the 
permanent entrances. Spoil heaps are visible for many months after burrow completion (Diete et al. 
2014; Chapter 2a) and have been used in surveys as the sole indicator of the presence and 
abundance of N. aquilo (Firth 2008; Smith 2009; Ward 2009). However, recent evidence confirmed 
that spoil heaps are also made by the sympatric delicate mouse (Pseudomys delicatulus) and these 
cannot be reliably distinguished from those of N. aquilo (Diete et al. 2015; Chapter 2b). These 
findings have cast uncertainty on all previous records of this species based on spoil heap surveys. 
Other types of sign have been used in surveys of N. aquilo, including burrow pop holes and 
identification of the unique bipedal tracks left by the animals (Woinarski et al. 1999). Recently, 
camera traps were used successfully to record N. aquilo during burrow construction (Diete et al. 
2014; Chapter 2a) and were demonstrated to be a viable alternative to indirect signs for detecting 
the species (Diete et al. 2016b; Chapter 3a). The species is known to be trap-shy towards box-style 
traps such as Elliott traps (Woinarski et al. 1999); however, other Notomys spp. can be captured in 
deep (600 mm or greater) pitfall traps (Predavec 1994; Moseby et al. 2006; Read et al. 2015). An 
agreed standardised survey method for N. aquilo has yet to be developed. 
The life history of N. aquilo has mostly been determined from the observations of Thomson (in 
Dixon and Huxley 1985), who kept a captive colony of the species in the 1940s. He observed that 
more juveniles (usually three per litter) were produced in the first half of the year but noted that 
breeding was not strictly seasonal. Further to this, understanding of the species’ ecology is largely 
inferred from ecological and biological extrapolations of some of its better-studied congeners such 
as the spinifex hopping-mouse (N. alexis). Female-biased sexual size dimorphism has been 
observed in N. alexis (Breed 1983); although this trait is unusual amongst mammals (Ralls 1976). 
Explanations for its existence in this species have focussed on high female aggression and low 
sperm competition in males (Breed 1983). Sexual size dimorphism has not been noted in N. aquilo. 
It is unknown to what extent this species may be ecologically and behaviourally divergent from its 
relatives given the vastly different climatic and habitat characteristics of the distributional range of 
N. aquilo compared with those of other hopping-mice. Poor understanding of N. aquilo and 
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conflicting data due to the confused identification of signs have hampered conservation efforts for 
this species. 
This study aimed to fill key gaps in our knowledge of the ecology and conservation of N. aquilo by: 
(1) comparing the effectiveness of pitfall traps and camera traps for sampling the species; (2) 
describing life-history traits such as breeding events, seasonal activity and morphology; and (3) 
describing the home range, habitat selection and burrow use of the species. The new methodological 
and ecological knowledge gained from this study are used to recommend more refined and 
appropriate conservation strategies for N. aquilo. Importantly, we review the current conservation 
status of this species on the basis of our findings. 
Materials and methods 
Study site 
Groote Eylandt is Australia’s fourth largest island (2378 km2) and is located in the Gulf of 
Carpentaria, Northern Territory. Rainfall is strongly seasonal, with 95%of the annual precipitation 
falling between November and April (Bureau of Meteorology 2015). The island is an Indigenous 
Protected Area with a part of it being leased for the exploration and mining of manganese. Groote 
Eylandt is a unique environment for Australian wildlife research due to the absence of most exotic 
vertebrates such as ungulates, lagomorphs, foxes and cane toads, as well as large parts of the island 
being undisturbed by agriculture and urban development. The island and the surrounding smaller 
islands are, therefore, significant habitat for the preservation of up to 12 threatened animal and plant 
species, many of which have declined on the adjacent mainland (Department of Natural Resources, 
Environment, the Arts and Sport, undated). There is no road access to much of the island, which 
limits accessibility for field research. 
Areas surveyed using the methods described below were plotted on a habitat map created by 
collating substrate and habitat information from Crase and Hempel (2005), satellite imagery 
(Google Earth 2013) and ground truthing (Figure 4.1). This identified that large areas of the island’s 
interior are either on laterite soils or sandstone (Figure 4.1). Although laterite is an ambiguous term, 
it is characterised on Groote Eylandt by 20–30 cm of iron-rich gravel (Crase and Hempel 2005). 
The remaining habitat could not be accurately mapped using these methods, but it consists of a 
combination of woodland, shrubland, mangroves, heath, swamp, dunes and closed vine forest on 
either sandy, loam or clay soils. 
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Figure 4.1 Map of Groote Eylandt indicating areas where N. aquilo was confirmed as present as 
well as areas searched and trapped. Black, orange and yellow shading indicate areas inherently 
unavailable to N. aquilo as habitat. Searches were conducted in one site which was later cleared for 
mining. 
 
Searches for signs, opportunistic camera trapping and spotlighting 
Searches for signs of N. aquilo were conducted in potential habitats (those with a sandy topsoil that 
allows digging and burrowing) across as much of the island as could be practically accessed from 
May 2012 to December 2014, and in July 2015. A basic search involved two people either in a 
slow-moving (~10 km h-1) vehicle, or on foot, looking for spoil heaps, which were defined as piles 
of soil 30 cm or more in diameter with no obvious opening whence the soil had been displaced. 
Vehicle searches were conducted in areas of very open, low ground cover, otherwise they were 
conducted by walking through potential habitat looking for signs. When spoil heaps were identified, 
we attempted to locate pop holes and tracks of N. aquilo, using the descriptions of Woinarski and 
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Flannery (2008). When possible signs of the species were found, camera trapping was conducted to 
determine whether N. aquilo was present. Scoutguard 560DF, Scoutguard 565F or Reconyx HC550 
(all with white flash illumination) camera traps were set within 3 m of the potential signs, or, if 
signs were prolific, in a transect through the area for 2–7 nights. Depending on the abundance of 
signs, 2–8 camera traps were used at any time, set horizontally on a tree or star picket 20 cm from 
ground level and baited with sunflower seeds placed 1.5 m from the camera trap. 
Spotlighting in potential habitat was carried out at night by two people searching either from a 
slow-moving (15–20 km h-1) vehicle or on foot using a ≥200-lm torch and/or the vehicle headlights 
while watching the track. Spotlighting was conducted for two or three consecutive nights. The 
distance sampled depended on the size of the area where potential hopping-mouse signs were found 
during the day. Line transects ranged from 1 km to 15 km in length with 20–60 min spent at each 
site per night. In areas where trapping grids were established, this occurred on four occasions 
throughout 2014; otherwise, it was usually conducted once, when land could be accessed 
throughout the study. 
Live trapping 
Live trapping was first conducted in April 2013 at the Cave Paintings area (CP) (13.9705°S, 
136.5025°E), where the presence of N. aquilo was confirmed by spotlighting and camera traps. A 
preliminary trial was conducted by setting 12 Sherman ‘Type A’ traps (H.B. Sherman Traps Inc., 
Florida) around three burrows with fresh spoil heaps (four traps per burrow). These were baited 
with either sunflower seeds or peanut butter and oats in an alternating allocation. After only one 
night of trapping, an adult female N. aquilo was captured in a trap baited with sunflower seeds. 
However, all subsequent attempts with these traps failed to capture any more N. aquilo and, 
therefore, this trapping method was discontinued. 
In May 2013, at CP, 90 pitfall traps were installed in a grid 660m long and 120m wide (8 ha). Three 
different-sized pitfall traps were trialled. Two of these were constructed from PVC storm-water 
pipe, 65 cm deep, with diameters of 22.5 cm and 15 cm respectively. The third pitfall type was a 
20-L plastic bucket (40 cm deep, 29 cm wide). The traps were set 30m apart, alternating by trap 
type, each with a 10-m-long, 40-cm-high drift fence made of aluminium insect screening. After 
trapping in this configuration twice, the 30 bucket traps were removed and the remaining 60 PVC 
pitfalls were used in five more trap sessions. In August 2013, another grid in the original 
configuration of 90 pitfall traps was set in coastal grassland on the south-west peninsula of the 
island. In April and May 2014, five smaller trapping grids of 30 PVC pitfall traps (15 of each type) 
Chapter 4 Ecology of N. aquilo 
81 
 
were set with traps 30 m apart in rows of three or four. These were trapped 1–4 times until 
December 2014. The trapping was conducted for 5–7 consecutive nights. Pitfall traps were checked 
every morning at dawn. Captured N. aquilo were weighed and measured for the length of the 
combined head and body, hind foot, ear and tail. Sex and breeding data recorded were scrotal width, 
lactation, pregnancy (via palpation of the abdomen) and the vagina was scored as either 
imperforate, perforate or open. To mitigate for the variation in measurements that can occur 
between researchers, all N. aquilo were processed by the same person (RLD). Each individual was 
uniquely marked using ear notches and released at the point of capture. 
Standardised camera trapping 
Four camera traps were set 50 m apart along a straight line through each live-trapping grid for 14 
consecutive days starting at the end of each live trapping session. At each camera trap station, a 
Reconyx HC550 (LED white flash) camera trap was mounted in a vertical, overhead orientation 
using a bookshelf bracket attached to a star picket that was driven into the ground so that the camera 
trap was 1.5 m from the bait holder positioned directly below (Chapter 3; Figure 3.2). Each station 
was baited with sesame oil soaked into cotton balls, placed inside a stainless steel tea infuser 
pegged to the ground. This method proved effective at detecting the species in preliminary trials 
(Diete et al. 2016a; Chapter 3a). The camera trap’s field of view (~1 m) was cleared of vegetation 
and leaf litter to increase visibility of animals and to reduce false triggers. Camera traps were set on 
fast shutter, one image per trigger with no delay between triggers. The bait was renewed after seven 
days. 
All animals recorded in camera trap images were identified to species when possible. As N. aquilo 
was rarely photographed more than 5 min after the previous detection of the species on the same 
night, the delineator between independent detections (‘events’) was set at 5 min, meaning that 
successive photos of the species less than five minutes apart were classed as one event. 
Radio-tracking 
Nine adult N. aquilo (five females and four males) captured in pitfall traps at CP were fitted with 
radio-transmitting collars and tracked for 9–19 consecutive days (mean = 14 days). A single stage 
VHF transmitter with a 10-cm whip antenna was attached to each animal’s neck using a zip-tie 
collar (model ZV1C 105, Sirtrack Ltd, Havelock North, New Zealand). A small piece of reflective 
tape was attached to the transmitter to aid visibility of the animals by torch light. The collar and 
transmitter configuration weighed between 1.6 and 1.9 g and was less than 5% of the animal’s body 
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weight. The battery life of each transmitter was governed by a predetermined programmed pulse 
rate of 40 ppm for ~30 days. 
All collared animals were adults in breeding condition, which was defined as previously mated 
(perforate vagina) for females or the testes being scrotal for males. Three different individuals were 
tracked during each trap session in May, August and December 2013. Animals were collected from 
traps in the morning, collared during the day, and released at the point of capture in the evening. 
Low capture rates and the larger body weight required prevented radio-tracking more animals 
concurrently. Radio-tracking commenced at least 2 h after animal release, with only one fix on the 
release night, and continued each night between 19:00 and 06:00 hours. Collared animals were 
located on foot with a folding, three-element, Yagi antenna and an Ultra® (Sirtrack Ltd) narrow-
band receiver. Radio-tracking commenced at different times each night to ensure that the whole 
nocturnal period was sampled evenly. Three or four fixes were obtained per animal per night with 
each fix ~1–2 h apart. Additionally, one fix was obtained during daylight hours on most days to 
determine the location of burrows. 
When animals or burrows were located, the positions were recorded with a hand-held GPS, and 
microhabitats were scored. An average value for each microhabitat characteristic was visually 
approximated for a 3 x 3 m area around the animal or burrow. Ground characteristics assessed were 
ground cover, woody debris, bare ground and leaf litter. Each characteristic was allocated a 
proportion so that the total of these characteristics was 100% on each occasion. Bare ground and 
leaf litter were classed as ‘open’ microhabitat while ground cover and woody debris were classed as 
‘closed’ microhabitat. Ground cover height, canopy cover (%), shrub canopy cover (%) and shrub 
height were also assessed but not subsequently used in the analysis of data as they appeared to have 
little explanatory or predictive power for presence of N. aquilo. Animals could usually be detected 
directly by sight, sound or by pinpointing to a structure such as a log. When observed directly, we 
noted whether it was using a ‘closed’ (under/amongst ground cover or woody debris in a way that 
visually obscured its body) or ‘open’ (moving or resting in the open, not using cover or structures) 
feature of that microhabitat. Removal of radio-collars was attempted at the end of each tracking 
session using a butterfly net to catch the animals. Five of the nine individuals were captured with 
this method. Two animals could not be recaptured and two collars became unattached for two other 
individuals. 
Burrow measurements 
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Some burrows could be determined as belonging to N. aquilo either by camera trapping during 
construction (Diete et al. 2014; Chapter 2a), or by radio-tracking animals to the burrow. At each 
burrow, we recorded the length, width and height of the spoil heap, the number and diameter of 
visible pop holes and distance from the centre of the spoil heap to each pop hole. 
Data analysis 
Individuals were classified as adult if they equalled or exceeded the head and body length of the 
smallest scrotal male or perforate female depending on the sex of the individual. Body weight 
(pregnant females omitted), head and body length, hind foot length, tail length and ear length 
measurements for adult N. aquilo were compared between the sexes using two-sample t-tests. 
Adults were considered to be in breeding condition if they had descended testes (scrotal) (males) or 
if they were pregnant, lactating or had an open vagina (females). Data from 2013 and 2014 were too 
few for seasonal comparisons and were therefore pooled across the two years. Fisher’s Exact Tests 
were used to compare the proportion of adult males and females in breeding condition in the wet 
and dry season as well as the proportion of juveniles in the population for each season. Wet season 
was defined as the months of November–April, and dry season May–October. 
A body condition index was calculated for all individuals except pregnant females by dividing the 
ln(body weight) by the ln(head and body length). This index is a good predictor of body fat in 
rodents (Labocha et al. 2014). A general linear model was used to determine the best predictors of 
body condition. Factors selected in the analysis were a combined age and breeding class of juvenile, 
non-breeding adult or adult in breeding condition as well as sex (male/female) and season (wet/dry). 
Interactions between these factors were tested but none were significant and hence were dropped 
from the model. Tukey pairwise comparisons were used for post hoc tests. The ratio of 
measurements on the natural logarithmic scale could not be back-transformed to the original scale 
for presentation. 
Standardised camera trapping was implemented in 2014 after methodological trials. Because of the 
short sample period, these data were not analysed for seasonal changes. A two-sample t-test was 
conducted to determine whether the mean number of events differed between the two sites where N. 
aquilo were captured. The number of camera trap-nights at these two sites were identical. A 
Pearson correlation was computed to determine whether the number of camera trap events per 100 
trap-nights correlated with the minimum number of N. aquilo known to be alive (MNKA) from 
pitfall trapping the same area. For CP, where N. aquilo was trapped consistently, this analysis was 
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conducted for each successive day of camera trapping to determine the number of days after which 
the correlation became significant. 
Home ranges for all radio-tracked individuals were estimated using Ranges 9 (Kenward et al. 
2014). Incremental area analyses of location fixes showed that the range area used by each 
individual stabilised at ~20 fixes, thus demonstrating that the data collected were sufficient to draw 
conclusions on home range (Kenward et al. 2014; see chapter Appendix). Individuals were noted to 
spend all of the day and a substantial portion of the night at unpredictable times in their burrows. 
Therefore we used only one fix per burrow, ignoring subsequent fixes when the animal was below 
ground in the same burrow to prevent home ranges being skewed by periods of inactivity (Kenward 
1985, 2001). We termed the subsequent range estimation the ‘active home range’. Fixes at burrows 
when the animals were underground were used to calculate the proportion of the nocturnal period 
spent in burrows. 
Kernel contours at 50% and 95% were constructed in Ranges 9. We found that using the default 
fixed smoothing multiplier of 1.0 led to overestimates of active home ranges in areas where animals 
were not observed (sandstone woodland: Figure 4.2). Reducing the smoothing factor to 0.88 gave 
tighter contours around the rocks without breaking the 95% contours into separate areas. We 
investigated differences in active home-range size and proportion of nocturnal period spent in 
burrows between the sexes using Kruskal–Wallis tests. 
To determine whether animals were using open or closed microhabitat features in proportion to 
their availability, or were selecting some features over others, we calculated the proportion of open 
microhabitat within each individual’s home range. This was achieved by summing the average leaf 
litter and bare ground percentages from the microhabitat analyses for each individual. Using the 
ratio of proportion of open habitat used to that available, we calculated how many times the 
individual ratio was greater than 1.0; that is, how many individuals used proportionally more open 
habitat than available. This was analysed with a test for one proportion. A Kruskal–Wallis test was 
conducted to determine whether these proportions differed between the sexes. Except for home-
range analyses, all statistical analyses were conducted in Minitab® (Minitab Inc. 2015). 
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Figure 4.2 An aerial image of the Cave Paintings study site showing the trapping grid (white 
rectangle) and the 95% estimated home range of male (blue) and female (red) N. aquilo. The 
proximity of the three distinctly different broad habitat types illustrates the selection of eucalypt 
woodland on sand by N. aquilo. 
 
Results 
Searches, spotlighting and opportunistic camera trapping 
Approximately 224 search hours, 132 spotlighting hours and 870 opportunistic camera-trap-nights 
were completed in 32 separate locations across Groote Eylandt during 2012–15. A greater number 
of sites were searched in coastal grassland habitat; however, search and trap effort in sandy 
woodland habitat was approximately twice that of grassland habitat (Table 4.1). N. aquilo was 
confirmed to be present in three of these locations (Figure 4.1). In one location, the species was first 
detected by spotlighting with vehicle headlights and then with camera traps. In the two other 
locations, likely signs of N. aquilo were detected during area searches followed by confirmation 
with camera traps. In areas where the species’ presence was confirmed, straight, deep pop holes 
>2.5 cm in diameter were also found associated with spoil heaps. Pop holes of this size were not 
located in areas where camera trapping was unsuccessful. Camera traps next to six inhabited 
burrows (as determined by radio-tracking or recording burrow construction) successfully detected 
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N. aquilo within four days. All signs of N. aquilo activity as well as the active home ranges (see 
below) were on sandy soils (Figure 4.1 and Figure 4.2).  
Table 4.1 Summary of total survey effort for N. aquilo across Groote Eylandt in broad locations 
and habitats. Searches for signs and spotlighting effort are presented in person-hours (h), 
opportunistic and standardised camera trapping in camera trap-nights (CTN) and pitfall trap effort 
in trap-nights (TN) 
 
Habitat Location 
Sites 
(n) 
Search 
(h) 
Spotlight 
(h) 
Opportunistic 
(CTN) 
Standardised 
(CTN) 
Pitfall 
(TN) 
Coastal grassland North  12 45 16 32 0 0 
Coastal grassland South 5 33 20 96 120 1770 
Coastal grassland West 2 8 6 157 168 570 
Sandy woodland Interior 13 138 90 585 1088 5577 
 
Live trapping 
Pitfall trap-nights totalled 7917, including 6703 trap-nights with tube-type pitfall traps that were 
effective in trapping hopping-mice. In total, 50 captures of 39 individual N. aquilo were made from 
3830 trap-nights at the CP and Top Crossing (TC) sites (Figure 4.1), giving an overall trap success 
of 1.02 individuals per 100 trap-nights. The CP trapping grid was trapped in seven sessions in 2013 
and 2014, while TC was trapped four times during 2014. Pitfall traps captured N. aquilo in all trap 
sessions at CP except the seventh; those at TC were successful only once. Wide PVC traps yielded 
32 captures, narrow PVC traps 15 captures, and bucket traps captured three small juveniles on one 
occasion. No N. aquilo were captured on any other trapping grids. P. delicatulus and a variety of 
frogs and reptiles were commonly captured in all three pitfall trap types. Pitfall trapping capture 
data for all species will be analysed and presented separately (see Chapter 4).  
Morphology 
Adult female N. aquilo were significantly heavier and longer than adult males, but there were no 
differences in hind foot, tail and ear lengths between females and males (Table 4.2). Minimum head 
and body length of sexually mature females was 89 mm, although no females were captured that 
measured between 78 and 89 mm (Figure 4.3a). Minimum head and body length of sexually mature 
males was 81 mm (Figure 4.3b). The proportion of adults breeding did not differ significantly 
between the wet and dry seasons for females (Z = –0.39, P = 1.00) or males (Z = –1.77, P = 0.282). 
However, there was a significant seasonal effect on the proportion of juveniles in the population, 
with more juveniles observed in the dry season (Z = 3.16, P = 0.015) (Figure 4.4). Most juveniles 
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were captured in June and July, with fewer in September and December. Pregnant females were 
captured in April, May and August. 
Table 4.2 Morphometrics of adult female and male N. aquilo captured during the study 
  Female Male       
Measurement n Mean s.d. n Mean s.d. P t df 
Weight (g) 11 40.19 3.97 14 31.72 4.61 <0.000 4.93 22 
Head and body (mm) 14 94.29 5.34 14 89.5 5.93 0.034 2.24 25 
Hind foot (mm) 14 35.39 1.76 14 34.82 1.75 0.397 0.86 25 
Tail (mm) 12 165.42 9.72 14 156.2 17.3 0.104 1.70 20 
Ear (mm) 12 16.0 0.18 13 15.27 0.43 0.140 1.55 16 
 
 
Figure 4.3 Body weight and length of both sexually mature and immature (a) female and (b) male 
N. aquilo. 
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Figure 4.4 Proportion of juveniles in the population as determined by pitfall trapping in the wet and 
dry season with error bars indicating the 95% confidence interval. 
 
Body condition index was significantly affected by the combined age and breeding status of 
individuals (F2,32 = 66.27, P < 0.001), with breeding adults having the highest body condition scores 
followed by non-breeding adults and then juveniles (Figure 4.5). Females had significantly higher 
body condition scores than males (F1,32 = 20.48, P < 0.001) (Figure 4.6), while the effect of season 
bordered on significance (F1,32 = 4.12, P = 0.051), with slightly heavier individuals in the wet 
season. 
 
Figure 4.5 Mean body condition index of combined age and breeding classes of N. aquilo. 
‘Breeding’ refers to adults in breeding condition. Error bars indicate the 95% confidence interval 
and lettering indicates classes that are significantly different using Tukey pairwise comparisons. 
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Figure 4.6 Mean body condition index of male and female N. aquilo with error bars indicating the 
95% confidence interval. 
 
Standardised camera trapping 
Standardised camera trapping was conducted during 1376 trap-nights in seven locations. As for 
pitfall trapping, N. aquilo was captured at standardised camera trap stations only in the CP and TC 
sites. Detection and the number of events varied between stations; however, at the two sites, the 
species was captured at a mean rate of 5.06 events per 100 trap-nights. Standardised camera 
trapping failed to detect the species in a trapping grid north of these two locations in 2014; however, 
in 2015, opportunistic camera trapping near burrows detected it (Figure 4.1). This area had been 
affected by fire during the 2014 trapping. 
Mean number of events per 100 camera trap-nights did not differ significantly between CP and TC 
(t5 = 0.22, P = 0.836). Number of events per 100 trap-nights correlated significantly with MNKA at 
CP (r = 0.975, P = 0.025) but not at TC (r = –0.229, P = 0.771) (Figure 4.7). The correlation at CP 
reached the critical value of 0.900 (d.f. = 2, one-tailed test) after 10 consecutive days of camera 
trapping (Figure 4.8). 
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Figure 4.7 The relationship between the number of N. aquilo camera trap events per 100 trap nights 
(TN) and the minimum number known to be alive at the Cave Paintings (CP) and Top Crossing 
(TC) trap sites. The dashed line shows the trend line for CP for which the correlation was 
significant. 
 
 
Figure 4.8 The relationship between the number of successive days of camera trapping and the 
minimum number of N. aquilo known to be alive (MNKA) at the Cave Paintings trap site. The 
critical value (dashed line) of 0.900 was reached at day number 10. 
 
Radio-tracking 
The 95% active home-range size varied greatly between individuals, from 0.39 ha for a lactating 
female to 23.95 ha for a scrotal male (Table 4.3). The mean 95% core for all adults was 4.63 ha. 
Mean 95% core for lactating females was 0.45 ha and 1.61 ha for non-lactating females. Mean 
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home-range size did not differ between the sexes for the 95% core (h1 = 2.16, P = 0.142) or the 50% 
core (h1 = 2.16, P = 0.142). On average, individuals spent 31% (~4 h) of the nocturnal period in 
burrows and this did not differ significantly between the sexes (h1 = 0.06, P = 0.806). 
Table 4.3 Reproductive attributes, radio-tracking effort and results for the nine N. aquilo tracked 
during the study. 95 HR, estimate of the 95% core of the active home-range; 50 HR, estimate of the 
50% core of the active home-range 
 
Tracking 
period 
ID Sex 
Breeding 
status 
No. days 
tracking 
Total 
fixes 
95 HR 
(ha) 
50 HR 
(ha) 
No. of 
burrows  
% night time 
in burrows 
Open habitat used: 
open available 
May 4 F Lactating 14 43 0.39 0.12 1 28 1.05 
May 5 F Parous 17 52 0.6 0.18 4 23 1.07 
May 6 M Scrotal 14 34 10.03 2.44 3 41 1.38 
August 1 F Lactating 16 49 0.51 0.2 1 43 1.1 
August 8 M Scrotal 19 63 23.95 4.78 3 28 1.19 
August 10 F Pregnant 18 56 2.13 0.61 1 38 1.61 
December 15 M Scrotal 9 33 1.15 0.38 4 24 1.38 
December 17 M Scrotal 10 41 0.76 0.26 2 31 1.21 
December 18 F Parous 9 31 2.1 0.53 3 26 1.24 
 
All individuals used open microhabitats proportionally more than what was available (Table 4.3) (n 
= 9, P = 0.004), with no difference between the sexes (h1 = 0.96, P = 0.327). One female was 
frequently observed using a vehicle track to travel from her burrow to the area where she most often 
foraged. Individuals were rarely observed using woody debris or rocks as shelter, but sometimes 
crouched within grass tussocks or under shrubs. However, most often they were travelling or 
foraging in open areas. 
The two lactating females and one pregnant female used only one burrow each throughout their 
respective tracking periods, while males and parous females all used 2–4 burrows each (Table 4.3). 
At least some overlap occurred between home ranges of males and females in each tracking session 
and the home ranges of two females also overlapped in one session (Figure 4.9). A male in Session 
2 was found using the same burrow as a male in Session 3. In the third tracking session, a male and 
female were found to be sharing two different burrows (Figure 4.9). This female had previously 
mated but was not pregnant or lactating. 
The radio-tracked animals frequently moved out of the trapping area, which was entirely within 
eucalypt woodland on sand. However, they rarely moved into the two other habitat types adjacent to 
the trapping grid: sandstone woodland and acacia shrubland (Figure 4.2).  
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Figure 4.9 The 95% and 50% estimated home range cores for female (solid lines) and male (dashed 
lines) N. aquilo radio-tracked in (a) May, (b) August and (c) December 2013. The burrows used by 
individuals in each session are differentiated by circles, triangles or squares with the stars in (c) 
indicating shared burrows by a male and female. 
 
Burrow measurements 
All animals radio-tracked during the study used burrows with visible spoil heaps; however, one of 
four burrows used by one male had a spoil heap obscured by bandicoot diggings. Radio-tracking 
and camera trapping on burrows allowed a total of 24 confirmed N. aquilo burrow spoil heaps to be 
measured. Mean spoil heap length was 81.9 cm but ranged from 51 to 110 cm (Table 4.4). Mean 
width was 61.4 cm and mean height was 6.38 cm. 
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Table 4.4 Measurements of burrow characteristics of confirmed N. aquilo burrows 
 
Burrow characteristic n Mean Range s.d 
Spoil length 24 81.9 cm 51-110 cm 13.01 
Spoil width 24 61.4 cm 40-91 cm 12.72 
Spoil height 24 6.38 cm 0-17 cm 4.16 
No. of pop holes 18 1.5 0-4 0.96 
Pop hole diameter 28 2.91 cm 2.1-4.0 cm 0.40 
Distance from pop hole to centre of spoil 27 280.37 cm 91-535 cm 120.39 
 
The number of pop holes found ranged from 0 to 4. Pop holes were far less conspicuous than spoil 
heaps, but radio-tracking aided their discovery as the collared animal was often located beneath the 
ground close to a pop hole. Pop holes that N. aquilo were observed using at night were never 
plugged during the day. Visible tracks of the species were virtually non-existent in the woodland 
habitat due to the leaf litter cover. 
Discussion 
Intensive survey effort over three years in ostensibly suitable habitats for N. aquilo revealed only 
three locations where the species was detected. From this, it is evident that both the abundance and 
distribution of N. aquilo on Groote Eylandt have declined significantly since observations of the 
species last century. Thomson noted that hopping-mouse tracks were observable ‘in incredible 
numbers’ in the south-west corner of the island (in Dixon and Huxley 1985) while Johnson (1964) 
found himself unwittingly amongst a ‘flourishing colony’ of the species in the north-east where 
their burrows and tracks were numerous. Woinarski et al. (1999) later described the species as 
locally common with preferred habitats including shrublands and coastal grasslands. Despite 
prolonged and concerted effort, no such observations were achieved during our study. In areas 
where signs were located but subsequent camera trapping could not detect the species, it is likely 
that these signs (spoil heaps) were those of P. delicatulus and that N. aquilo was either absent or 
present but in low, undetectable numbers. Unfortunately, search efforts for the species across the 
island could not be standardised from the onset of the study because no effective methodology 
existed previously. Nonetheless, the decline of N. aquilo at the study site, particularly in coastal 
areas, is demonstrable from our results. Documenting a decline in eucalypt woodland is more 
problematic as there are no historical records of the abundance of the species in this habitat type. 
Large areas of the interior of the island are inherently unavailable to N. aquilo due to the hard 
substrates of sandstone and laterite in which it would not be possible for the animals to dig burrows. 
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In the remaining areas, the species’ distribution is apparently patchy due to factors that could not be 
explained by this study. However, at the two study sites where we captured N. aquilo, the habitat 
could be characterised by deep sandy soils with a floristically diverse shrub and ground layer, with 
ground cover averaging 5–30% across the site. The area had been patchily burnt in the previous five 
years and during the study. Cool patch burning has been demonstrated to have a small positive or 
negligible effect on the abundance of N. alexis (Letnic 2003; Letnic and Dickman 2005), although 
numbers of this species fall dramatically in the wake of hot wildfires (Pastro et al. 2011). Some 
areas on Groote Eylandt, particularly those near roads and local indigenous communities, 
experience frequent hot fires one or more times each year; as with N. alexis, these fires could 
potentially reduce habitat suitability  for N. aquilo and drive its numbers to low levels. The only 
coastal area where the presence of N. aquilo could be confirmed was in the south-east of the island. 
This habitat was sand plain–coastal grassland with ground cover averaging 25%, consisting 
predominantly of the tussock grasses Chrysopogon oliganthus, Sarga plumosum and Triodia 
microstachya. This area was similar in both plant species composition and structure to several other 
areas that we searched unsuccessfully. It remains unknown why N. aquilo persists in the south-
eastern site, apparently in relatively high numbers, but was absent from other areas that appeared to 
be little different. 
Prior to this study, there were merely three reported captures of N. aquilo in live traps (Woinarski et 
al. 1999; Mahney et al. 2009). Our capture of 39 individuals has demonstrated that the species is 
more trappable than once suggested (Johnson 1964) and that, with suitable methods, animals can be 
obtained for ecological studies without collecting them from burrows that are ultimately destroyed 
in the process. However, it is clear that for occupancy and abundance studies, camera trapping is 
both more effective, less labour intensive and likely less expensive in the longer term. Overall 
capture success from camera trapping (events per 100 trap nights) was five times higher than for 
pitfall trapping (live captures per 100 trap night) and camera traps detected the species during two 
additional sampling periods that pitfall traps did not. The most plausible explanation for the 
correlation of number of events and MNKA at CP and not at TC is the larger number of pitfall traps 
at CP as the camera trapping effort was equal at both sites. The result is less likely due to 
differences in abundance and/or activity levels between the two sites as the mean number of events 
were not significantly different. Camera trapping also has lower ethical risks and, regrettably, three 
young N. aquilo were killed in a pitfall trap by a predator during the study (Diete et al. 2016b). Due 
to these considerations, we recommend that the camera trapping methods outlined here be adopted 
for future monitoring of the species. Camera trapping for less than 10 consecutive days did not 
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correlate with MNKA; therefore, 14 days or more is suggested, as abundance of the species may be 
low, potentially affecting detection probability. 
The body condition of individuals improved with both age and breeding status, with adults in 
breeding condition being the heaviest relative to body length. Female N. aquilo were longer, heavier 
and had higher body condition scores than males. Sexual size dimorphism in favour of females has 
been noted in the closely related N. alexis (Breed 1983) but has otherwise not been reported in 
Australian murids. In most instances where sexual size dimorphism occurs in rodents, the bias is 
towards larger males (Schulte-Hostedde 2007). This disparity tends to occur in polygynous mating 
systems with intense male–male physical competition, where large body size increases male mating 
success (Schulte-Hostedde 2007). Explanations for female-biased sexual size dimorphism are less 
consistent between species but, in reviews of its occurrence in mammals, has been attributed to 
increased competition between females (Ralls 1976) or reduced competition pressure between 
males (Isaac 2005). However, in many cases, multiple factors are likely to be responsible (Bondrup-
Nielsen and Ims 1990; Isaac 2005). Breed (1983) suggested that N. alexis females may be the more 
aggressive sex on the basis of intra- and intersex interactions between captive animals, confirming 
earlier observations of captive animals by Stanley (1971). Thomson (in Dixon and Huxley 1985) 
noted very low levels of aggression in either sex in captive N. aquilo and found no fixed 
arrangement of sexes when excavating burrows of free-ranging animals. 
In the present study, we recorded overlap of the home ranges of females. Females were also 
observed taking refuge after disturbance by researchers in burrows that they were not observed 
using during the day and were likely to have belonged to other females, who are the predominant 
builder of burrows (Diete et al. 2014; Chapter 2a). These observations suggest, therefore, that 
female territoriality and aggression may not be important drivers of sexual size dimorphism in this 
species. In a study of several genera of microtine rodents, Bondrup-Nielsen and Ims (1990) found 
very large home-range sizes of males to be the strongest predictor of female-biased sexual size 
dimorphism. They argued that in species for which mobility was more important than defence, 
selection would favour smaller males because total energetic costs increase with size. A similar 
mechanism is possibly influencing male size in N. aquilo. Mobility is clearly important for 
reproductively successful individuals given the tendency of animals to select for open 
microhabitats, leaving them potentially more exposed to predation risks. More agile and mobile 
males would likely be better at foraging, avoiding predators and be able to visit more burrows of 
females and therefore increase their opportunities for being selected for mating by the larger sex. It 
does not appear that male N. aquilo invest in their offspring in the form of parental care which is an 
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intuitive, though frequently non-substantiated, consequence of female-biased sexual size 
dimorphism (Ralls 1976). Radio-collared lactating female N. aquilo were never observed foraging 
with other individuals, as was sometimes observed with non-lactating females and males. A camera 
trap placed next to the burrow of a lactating female captured only the collared individual and no 
other. This supports early observations that females with young are generally alone in burrows 
(Dixon and Huxley 1985), indicating that mothers raise their young unaided. 
Thomson (in Dixon and Huxley 1985) captured wild juvenile N. aquilo in January, March, May, 
June and September. Our live trapping results also indicate that breeding is not strictly seasonal in 
this species, with breeding adults and juveniles captured throughout the year. However, we were 
able to demonstrate a higher influx of juveniles into the population in the dry season with more 
juveniles captured in June and July. This possibly coincides with improved conditions for 
dispersing young, such as the seeding of certain grass species. One of the most abundant grass 
species at the main trapping site, Eriachne stipacea, seeds predominantly between March and 
August (Mallett 2005). However, dietary studies are required to support an association between 
juvenile abundance, food availability and food use. On two occasions, three small juveniles were 
captured together in pitfall traps, supporting observations that the litter size is usually three (Dixon 
and Huxley 1985). 
The two largest active home ranges recorded during the study belonged to males in the dry season. 
Two males radio-tracked during the wet season in December had much smaller home ranges even 
though all animals were in breeding condition. Unfortunately, too few individuals were radio-
tracked to adequately demonstrate seasonal and sex-related differences in home range. However, 
the smaller male home ranges at the end of the year did coincide with reduced breeding activity, as 
evidenced by reduced proportion of juveniles in the population. All radio-tracked N. aquilo utilised 
discrete home ranges in the short term, although some individuals were clearly more mobile than 
others. Although several radio-tracking studies of other hopping-mice have been conducted, most 
calculated mobility rather than home range (Letnic 2001; Moseby et al. 2006; Dickman et al. 2010); 
therefore, we cannot directly compare our home range results with those of arid-dwelling Notomys. 
N. alexis can travel distances of over 10 km over time (Dickman et al. 2010). Periods of low food 
availability have been associated with increased mobility and decreased burrow fidelity in this 
species (Dickman et al. 1995, 2010). Food availability is less variable in tropical climates; 
therefore, the variation in home range of N. aquilo in our study is more likely to be related to 
seasonal breeding activity rather than food availability. 
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Bipedal rodents are common components of arid-zone faunal assemblages and their preferential 
selection of open microhabitats is well documented (Kotler and Brown 1988). This preference is 
likely due to their increased agility and capacity to avoid predators compared with their quadrupedal 
counterparts which select more sheltered microhabitats (Kotler and Brown 1988). Our results 
demonstrate that the preferred selection of open microhabitats is also true for a bipedal rodent 
utilising a tropical environment. This may decrease competition between N. aquilo and sympatric 
quadrupedal rodents such as P. delicatulus. A similar spatial partitioning of the habitat has been 
demonstrated for N. alexis and the sandy inland mouse (Pseudomys hermannsburgensis) in arid 
central Australia (Murray and Dickman 1994), with bipedal N. alexis selecting more open habitats 
than the quadrupedal P. hermannsburgensis and using escape rather than avoidance behaviour to 
reduce predation risk (Spencer et al. 2014). Conversely, Morris et al. (2015) found the dusky 
hopping-mouse (Notomys fuscus) to forage preferentially under cover. It was not clear whether 
other rodents occurred in this last study, but it is possible that hopping-mice may extend their 
activity to incorporate sheltered habitats if other rodent species are absent. 
Almost all burrows observed during the study were associated with clearly visible spoil heaps and 
most had pop holes that could be found with a small amount of search effort. However, the mean 
number of pop holes of 1.5 per burrow is very likely an underestimate due to the inconspicuousness 
of some of these burrow entrances in woodland habitat. Contrary to observations by Johnson 
(1964), pop holes that radio-collared individuals were observed using at night were never found to 
be plugged during the day. The results suggest that these indirect signs may still be useful in 
indicating the presence of N. aquilo regardless of the potential confusion with P. delicatulus signs 
(Diete et al. 2015; Chapter 2b). However, confirmation should always be attained with an 
unequivocal method such as camera trapping. There was clear overlap in this study in the sizes of 
spoil heaps associated with N. aquilo burrows and the small number that could be confirmed as 
belonging to P. delicatulus (Diete et al. 2015; Chapter 2b). Anecdotally, the spoil heaps of P. 
delicatulus appear to be larger in coastal areas with softer sand where this species can be very 
abundant (R. L. Diete, unpubl. data). There is potential for a greater degree of overlap in the sizes of 
spoil heaps of these species in these coastal habitats. As the minimum N. aquilo spoil heap length 
was 51 cm and the mean was 82 cm, spoil heaps measuring under 50 cm at the longest length can 
be disregarded as belonging to N. aquilo with reasonable confidence. 
In this study we were able to make significant advances in the understanding of the ecology and 
conservation of N. aquilo, despite being initially constrained by confounding information on 
effective sampling techniques, low capture rates and difficulty of access at the study site. Future 
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research and management should endeavour to elucidate drivers of decline and extirpation of this 
charismatic species to better inform management decisions and conservation. Because of the large 
reduction in the distribution and abundance of this species on Groote Eylandt, and the absence of 
any recent records of this species elsewhere, we recommend that the conservation status of this 
species be upgraded to ‘endangered’ under the EPBC Act 1999, which would reflect that of the 
IUCN Red List (see General Appendix C for full nomination account). 
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Diel activity patterns of northern Australian small mammals: variation, fixity 
and plasticity 
Abstract 
The temporal niche has received less attention than the spatial niche in ecological research on free-
ranging animals. Most studies that have examined the effect of season on the diel activity patterns 
of small mammals have been conducted in temperate climates where daily temperatures and day 
length are important predictors of activity. Extremely seasonal rainfall in northern Australia 
possibly exerts a strong influence on mammalian activity due to the influx of food resources. Using 
camera traps set over a three year period, we documented the diel activity patterns of five species of 
small mammals co-occurring on Groote Eylandt, in the wet-dry tropics of northern Australia. All 
species were strictly nocturnal but some responded differently to the effect of season. The northern 
quoll (Dasyurus hallucatus) displayed a bimodal activity pattern which did not differ between the 
seasons. The northern brown bandicoot (Isoodon macrourus) displayed bimodal activity in the wet 
season and unimodal activity in the dry. The more sustained activity of I. macrourus in the dry 
season may be the result of this species utilizing more cellulose-rich food in times of lower insect 
abundance, while D. hallucatus possible exhibits lower dietary plasticity. The northern hopping-
mouse (Notomys aquilo) was consistently active throughout the night in both seasons. Conversely, 
the delicate mouse (Pseudomys delicatulus) showed great plasticity in its nocturnal activity which 
altered significantly depending on both season and habitat. The disparity in activity pattern between 
these two rodents possibly reflects differences in predation risks. The grassland melomys (Melomys 
burtoni) was recorded only during the dry season in coastal grassland habitat, when its activity 
peaked sharply after nightfall. Our study highlights the interspecies variation in small mammal 
activity between the wet and dry seasons in northern Australia, which may be explained by 
differences in diet, habitat use and predation risk in these species. 
Introduction 
The ecological niche of an animal encompasses patterns of activity on both spatial and temporal 
scales. These patterns are broadly shaped by behavioral modifications that maximize net energetic 
gains and reproductive output, while minimizing predation risks (Lima and Dill 1990). Temporal 
activity patterns are strongly influenced by the 24-h oscillation between night and day, and most 
small mammals assign their activity to one of these two states of illumination, or to the twilight 
period between them (Halle and Stenseth 2000). Specific patterns of activity during the diel (daily) 
rotation are highly variable between small mammal species (Roll et al. 2006) and sometimes 
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between populations of the same species (Sale and Arnould 2009). Fundamental influences on these 
patterns occur on evolutionary, inter- and intragenerational time scales and include climate (Roll et 
al. 2006), food availability (Halle 2006; Kronfeld-Schor and Dayan 2008; Lockard 1978) and 
predator activity (Castillo-Ruiz et al. 2012; Lima and Dill 1990; Monterroso et al. 2013; Sale and 
Arnould 2009). Although some species display great plasticity in temporal activity, this is usually 
constrained by evolutionary factors such as the anatomy and physiology of the ocular and aural 
senses (Gerkema et al. 2013; Halle and Stenseth 2000; Roll et al. 2006).    
Theoretically, temporal partitioning of activity should play a role in facilitating the coexistence of 
competing species (Schoener 1974). This has been demonstrated in manipulated, captive 
experiments on small mammals (Ziv et al. 1993), but is observed more rarely in the natural 
environment than might be expected (Kronfeld-Schor and Dayan 2003; Schoener 1974). Kotler et 
al. (1993) demonstrated the differential use of resource patches by sympatric and competing gerbil 
species, resulting in their temporal partitioning. Similarly, Castro-Arellano and Lacher (2009) 
observed temporal segregation between the activities of tropical rodents in species-rich 
assemblages. Schoener (1974) proposed that spatial and food resource segregation is more likely to 
occur before temporal segregation as a mechanism of coexistence, which possibly explains the 
relative rarity of observed temporal partitioning in free-ranging animals. Regardless, to validate 
competition as a driver of temporal partitioning of activity, the temporal depletion of food resources 
must be demonstrated (Kotler et al. 1993).  
Most studies on the effect of season on small mammal activity patterns have been conducted in the 
laboratory by manipulating the daily photoperiod (Halle and Stenseth 2000; Kronfeld-Schor and 
Dayan 2008). However, plasticity in the diel activity patterns of free-ranging small mammals has 
been demonstrated under differing seasonal influences. Mediterranean voles (Microtus cabrerae 
and Arvicola sapidus) can switch from unimodal, diurnal patterns of activity during the wet season 
to more bimodal, crepuscular activity during the dry (Pita et al. 2011). These seasonal differences 
were attributed primarily to thermoregulatory constraints, with individuals avoiding high daytime 
temperatures in the dry season (Pita et al. 2011). Other in situ studies have documented species such 
as the pygmy rabbit (Brachylagus idahoensis) (Larrucea and Brussard 2009) and long-nosed mouse 
(Oxymycterus nasutus) (Paise and Vieira 2006) altering their timing of activity to correspond with 
changing photoperiod throughout the year. 
Precipitation in the wet-dry tropics of northern Australia is profoundly demarcated and stimulates 
rapid plant growth at the onset of the annual wet season (Dunlop and Webb 1991). In turn, rainfall 
and the subsequent production of vegetation promote increased insect abundance and biomass 
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which peak in the wettest months (Frith and Frith 1985). Conversely, widespread synchronous rains 
can empty the landscape of food for specialist granivores as seed banks rapidly germinate (Crowley 
and Garnett 1999; Woinarski et al. 2005). The responses of vertebrates to this system of annually 
fluctuating food resource density are complex but may include changes in habitat use, diet and 
activity (Woinarski et al. 2005). For example, the northern brown bandicoot (Isoodon macrourus) 
has the ability to maintain energy intake in periods of reduced food availability by shifting both the 
composition and the volume of its diet (Gott 1996; McClelland et al. 1999). Similarly, the northern 
quoll (Dasyurus hallucatus) can adjust the proportion of invertebrate, vertebrate and fruit in the diet 
depending on the availability of these food groups (Oakwood 1997). Diet and food availability can 
have a strong influence upon mammalian temporal activity patterns (Bartness and Albers 2000). 
Some very small insectivorous species, such as shrews, require polyphasic activity night and day 
due to high energetic needs and a diet that is rapidly metabolized (Halle 2006). Times of low food 
availability may force some nocturnal mammals to forage outside of their preferred activity periods, 
such as during the full moon and during the day (Lockard 1978). However, shifts in activity patterns 
usually occur within the preferred part of the diel illumination cycle (day or night) (Kronfeld-Schor 
and Dayan 2003).   
Although the spatial organization of mammals is relatively well-studied in animal ecology, 
temporal organization at the diel level has attracted far less attention from researchers. This is 
probably due to practical constraints in field experiments (Halle and Stenseth 2000). Further, most 
previous studies have focused on classifying species into the broad categories of nocturnal, diurnal 
or crepuscular (Ashby 1972; Halle and Stenseth 2000). Recently, technological advances in camera 
trapping have facilitated studies of the timing of animal activity with reduced effort and greater 
accuracy (Bridges and Noss 2011); although even this method is not without constraints.  
In the present study, we describe the diel activity patterns of five species of small mammal co-
occurring on an island in northern Australia. The study site offers the opportunity to examine 
seasonal variation in small mammal activity in an environment with relatively stable temperatures 
and photoperiod throughout the year. The focal suite of species includes three murid rodents and 
two larger marsupials; one of which is a potential predator of the murids. Seasonal rainfall, as a 
driver of fluctuating food resource abundance, probably exerts a strong influence on mammalian 
activity patterns at the study site. Based on these considerations, we hypothesize that the availability 
of food is a dominant influence on small mammal activity, and use this hypothesis to make the 
following predictions: 
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1) Nocturnal species will become active soon after sunset to replenish energy lost during the 
day (O'Farrell 1974; Vieira and Baumgarten 1995);  
2) Activity related to foraging behavior will occur not long before sunrise, particularly in 
smaller species, to maintain energy requirements during the day when they (presumably) do not eat;  
3) During the wet season, the increased availability of energy-rich, rapidly digested food 
resources such as insects, will result in some small mammals displaying multimodal activity 
patterns; and  
4) Conversely, species that can readily utilize more cellulose-rich material that is retained 
longer in the digestive system will display more sustained, unimodal activity patterns throughout 
the night in the dry season to maintain energy intake on a lower energy diet.  
This is the first study to document the activity patterns of these five mammal species, further than 
nocturnality, in the natural environment. Because our primary focus is on activity patterns we do 
not present detailed information here on the diets of the study species, but use general accounts of 
their diets and feeding habits (e.g. Van Dyck and Strahan 2008).  
Methods 
Study site 
The study was conducted on Groote Eylandt, Northern Territory, Australia. This large island (2378 
km2) provides important refuge for several threatened species, largely due to the absence of many 
exotic vertebrates such as pigs (Sus scrofa), cattle (Bos taurus), buffalo (Bubalus bubalis), donkeys 
(Equus africanus asinus), horses (Equus ferus caballus) and cane toads (Rhinella marina) that 
occur on the adjacent mainland. These invasive animals can cause significant habitat degradation as 
well as predate upon or poison native species (Bradshaw et al. 2007). Dogs (Canis familiaris) and 
cats (Felis catus) are present on Groote Eylandt. Cats in particular are suspected drivers of 
population decline and extinction for numerous small Australian mammals (Dickman 1996). 
However, they were not detected frequently enough during this study to analyze their effect on 
small mammal activity.  
Rainfall on the island is strongly seasonal with 95% of the annual precipitation (mean 1316 mm) 
falling during the ‘wet season’ from November to April (Figure 5.1). Mean minimum and 
maximum temperatures are 24 and 33°C in the wet season and 17 and 31°C in the dry season 
(Figure 5.1). There is little variation in day length during the year, with sunrise occurring between 
5:51 and 6:48 and sunset between 18:04 and 18:55. The dominant broad habitat type is eucalypt 
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woodland, although a range of other habitat types are present including coastal grasslands, 
shrublands, mangroves and closed vine forests. 
 
 
Figure 5.1 Mean temperature and rainfall data for Groote Eylandt 1999-2015. The shaded area 
indicates the wet season and the unshaded area, the dry season. Data sourced from Bureau of 
Meteorology (2016). 
 
Focal species 
Our study focused on the most frequently camera trapped small mammals in the habitats sampled. 
The northern hopping-mouse (Notomys aquilo) weighs ~30–40g and is endemic to a small region in 
northern Australia. N. aquilo is restricted to habitats with a deep, sandy top soil as this is the only 
suitable substrate for burrow building (Diete et al. 2014; Chapter 2a). This cryptic, and increasingly 
rare, threatened species is seldom captured with live traps and is best sampled by camera trapping 
(Diete et al. 2016b; Chapter 4). N. aquilo breeds throughout the year, with more breeding activity 
recorded in the late wet season (Diete et al. 2016b; Chapter 4). The diet of N. aquilo has not been 
studied, but captive animals consumed mostly seeds with some green vegetable matter and they did 
not readily consume invertebrates (Dixon and Huxley 1985). The delicate mouse (Pseudomys 
delicatulus) is sympatric with N. aquilo on Groote Eylandt as it also builds burrows in sandy soils 
(Diete et al. 2015; Chapter 2b). This tiny rodent (6-15g) is mostly granivorous, feeding on the seeds 
of native grasses (Ford 2008). From local trapping data, breeding occurs predominantly in the wet 
season (RLD unpublished data). The grassland melomys (Melomys burtoni) is found in a range of 
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habitats in northern and eastern Australia (Kerle 2008), weighing approximately 30–50g on Groote 
Eylandt (RLD unpublished data). Although it breeds throughout the year, breeding activity for this 
species increases during the wet season (Kerle 2008). M. burtoni is more omnivorous than N. aquilo 
and P. delicatulus, consuming both plant matter and invertebrates (Kerle 2008). 
Groote Eylandt is an important refuge for the northern quoll (Dasyurus hallucatus) which is 
threatened by a range of impacts including cane toad poisoning on the adjacent mainland (Oakwood 
et al. 2008). D. hallucatus is an opportunistic omnivore, regularly feeding on invertebrates, some 
fruits and flowers, and also hunting small vertebrates such as rodents, dasyurids, lizards and frogs 
(Oakwood 2008). This species exhibits semelparity in which all males die shortly after the mating 
season (Oakwood et al. 2001). Mating occurs during the dry season, around July, on Groote Eylandt 
(J. Heiniger, pers. comm. 2016). Adult D. hallucatus range in weight from 240–1120 g (Oakwood 
2008). The northern brown bandicoot (Isoodon macrourus) is also omnivorous, feeding on 
invertebrates, berries, fungi and plant fiber, but generally does not prey upon vertebrates (Gordon 
2008). In the Northern Territory, breeding occurs from August to April (Gordon 2008). Adult I. 
macrourus are the largest of the five species at 500–3100 g (Gordon 2008).  
Camera trapping 
Camera trapping was conducted across the island from 2012–2015 for different but related studies 
targeting N. aquilo. Detailed methods are outlined in Diete et al. (2016c; Chapter 3a) and Diete et 
al. (2016b; Chapter 4). Two broad habitat types were sampled: woodland dominated by Eucalyptus 
tetrodonta with sandy top soil; and coastal tussock grass and shrubland with sandy top soil. 
Opportunistic camera trapping was conducted for the purpose of describing the distribution of N. 
aquilo in 32 locations across the island throughout the duration of the study. Camera trap models 
used were Reconyx HC550 (white flash) and HC600 (infrared flash), and Scoutguard 560DF (dual 
flash) and 565F (white flash). These camera traps were set in horizontal orientation, 30 cm from 
ground level and baited with sunflower seeds placed 150 cm from the camera trap. Standardized 
camera trapping occurred bi-monthly at seven sites in 2014 with Reconyx HC550 camera traps. 
These were set in vertical orientation (facing downward, sampling a ~1m2 area) 150 cm from the 
ground and baited with sesame oil soaked into cotton balls held within a metal tea infuser. Camera 
traps were set for 2–14 consecutive days in each location and operated 24-h a day. Camera traps 
were set to take one image per trigger when white flash illumination was used and three or five 
images per trigger when infrared flash was used, always with no delay between subsequent triggers.  
Moonlight has repeatedly been demonstrated to suppress the activity of many free-ranging rodent 
species. (Lockard and Owings 1974, Kotler et al. 1994, Prugh and Golden 2014). There is also 
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some evidence to suggest that moonlight affects the behavior of N. aquilo specifically, as burrowing 
behavior of this species was documented most frequently around the new moon (Diete et al. 2014; 
Chapter 2a). Due to these considerations, and due to being limited by the number of camera traps 
we had access to at any given time, we mostly avoided setting camera traps during periods of the 
highest moonlight (five days each side of the full moon). This was to maximize the probability at 
detecting N. aquilo in the original studies with the resources available. Therefore, moonlight was 
not analyzed as an influential factor of small mammal activity in this study. 
Event definitions 
We use the term ‘event’ to distinguish between independent detections of each species at camera 
trap stations. Some investigation was conducted into the optimal event delineators for Groote 
Eylandt mammals (Diete et al. 2016c; Chapter 3a). In the absence of any further information to 
assist in determining these, the same delineators were used for analysis in the current study. For the 
rodents, N. aquilo, P. delicatulus and M. burtoni, images of the same species more than 5 min apart 
were counted as discrete events. For the larger species, I. macrourus and D. hallucatus, the interval 
was increased to 15 min, as per observations by Diete et al. (2016c; Chapter 3a). Due to the large 
size of the data set and to reduce the risk of human error, counting of events was automated in 
Microsoft Excel. Subsequently, multiple individuals of the same species and images that could 
potentially be identified as different individuals of the same species within the event period were 
ignored. Perusal of our dataset indicated that the instances where this occurred were few and their 
addition would not have affected the results.  
Data analysis 
Images were given a unique name based on site, camera trap station, and the image number 
automatically generated by each camera trap using ReNamer® Lite 6.3 (Kozlov 2015). Images were 
tagged with the species present using ExifPro® 2.1 (Kowalski 2013). Image names, species tags and 
date and time data were then exported to Excel where events were counted based on the above 
definitions.  
We used the Overlap package (Meredith and Ridout 2014) in R (R Core Team 2015), which was 
developed specifically for the visualisation and analysis of activity patterns from camera trap data. 
Activity patterns were constructed using kernel density estimates which, in this context, describe 
the probability of a camera trap event occurring at any given time (Linkie and Ridout 2011). We 
then followed the procedure developed by Ridout and Linkie (2009) to determine the overlap 
coefficient between activity patterns of different variables. When fewer than 20 events were 
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accumulated for a particular species and variable, they were not included in the analysis. M. burtoni 
was recorded almost entirely within coastal grassland in the dry season, therefore, therefore, for this 
species, we constructed activity patterns for only this particular habitat and season. I. macrourus, D. 
hallucatus and N. aquilo were most abundant in sandy woodland, therefore, wet and dry season 
comparisons were conducted for these species only in this habitat. P. delicatulus returned the 
highest number of events, although it was much more abundant in coastal grassland. For this 
species, we compared overall activity patterns for coastal grassland and sandy woodland as well as 
seasonal comparisons in both habitat types. Two nonparametric estimators of the overlap coefficient 
were used based on the study by Ridout and Linkie (2009). The Δ̂1 estimator was used when the 
number of events was less than 50 and estimator Δ̂4 was used for remaining comparisons. 
Confidence intervals were generated using the basic0 estimation for 10,000 bootstrapped samples 
(Meredith and Ridout 2014). 
For the purpose of detecting differences in the shape of the distribution of activity patterns, such 
data are usually treated as circular with an arbitrary start and end point. As our focal species were 
strictly nocturnal, there was no need to treat the data as circular and we set the beginning of each 
24-h period at midday instead of the usual midnight. Times for any camera trap event are thus 
expressed as the number of hours from the previous noon. Using these converted lineal data, we 
performed 2-sample Kolmogorov-Smirnov tests to determine if the distributions of two sets of 
activity patterns differed significantly.  
Results 
Over a three year period, approximately 27,000 images of animals were collected from 2246 camera 
trap nights. Of these, 20,217 images captured one or more of the five focal species and the 
remainder mostly contained macropods, birds, lizards and a very small number (<15 detections 
each) of cats and dogs. Images of the focal species totalled 4283 independent events. No 
photographs of the focal species contained any daylight, confirming that all five are strictly 
nocturnal in the habitats we sampled. 
D. hallucatus exhibited a distinctly bimodal pattern of activity with peaks at around 20:00 and 
04:00 and a lull in activity at around midnight (Figure 5.2a). This bimodality was slightly more 
pronounced in the wet season. There was a large amount of overlap between the wet and dry season 
and the change in distribution was not significant (Table 5.1). I. macrourus also showed much 
overlap in activity between the wet and dry seasons; however, the distribution of activity differed 
significantly between them (Table 5.1). In the dry season, activity was unimodal, peaking around 
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23:00 – 01:00, while in the wet season, activity became bimodal with peaks at 19:00 and 04:00 
(Figure 5.2b). The estimated activity pattern for N. aquilo comprised three minor peaks in both 
seasons (Figure 5.2c). In the dry season, the activity peaks 2 h after sunset and before sunrise were 
the most pronounced, while wet season activity was more uniform; however, this seasonal 
difference was not significant (Table 5.1). 
P. delicatulus displayed the highest amount of variation in activity pattern with moderate overlap 
coefficients and significant differences in the distribution of activity dependent on both season and 
habitat (Table 5.1). In sandy woodland habitat, activity was highest in the latter half of the night and 
this trend was much stronger in the dry season than in the wet (Figure 5.2d). In coastal grassland 
habitat, activity was higher in the first half of the night in the dry season while the opposite was true 
in the wet season; however, peaks in activity occurred shortly after dark in both seasons (Figure 
5.2e). When overall activity was compared between the two habitat types, a more even distribution 
was displayed in the coastal grassland compared to the woodland where the latter half of the night 
was preferred (Figure 5.2f). M. burtoni was sampled only in coastal grassland in the dry season. 
This species showed a strong peak of activity soon after sunset which tapered off sharply with low 
levels of activity throughout the rest of the night (Figure 5.2g).  
  
Table 5.1 Proportion of overlap and Kolmogorov-Smirnov (KS) tests comparing the distribution of 
activity for season or habitat for four species of small mammal on Groote Eylandt. Sample sizes are 
given in brackets as the number of discrete camera trap events for each factor. 
      Overlap coefficient KS test 
Species Habitat Factors (n events) Estimate CI D P 
Dasyurus hallucatus Woodland Dry (194); wet (122) 0.94 0.87-0.99 0.070 0.861 
Isoodon macrourus Woodland Dry (732); wet (364) 0.87 0.81-0.92 0.114 0.004 
Notomys aquilo Woodland Dry (155); wet (41) 0.91 0.82-0.99 0.088 0.963 
Pseudomys delicatulus Woodland Dry (34); wet (77) 0.68 0.55-0.80 0.370 0.003 
Pseudomys delicatulus Grassland Dry (1858); wet (503) 0.75 0.71-0.80 0.222 <0.001 
Pseudomys delicatulus N/A Woodland (111); grassland (2361) 0.66 0.59-0.74 0.348 <0.001 
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Figure 5.2 Estimated diel 
activity patterns of five small 
mammals on Groote Eylandt. 
The grey area shows the amount 
of overlap between two activities 
and the ‘rug’ at the bottom of 
each image illustrates the density 
of camera trap events. Panels (a) 
– (d) show wet and dry season 
comparisons for Dasyurus 
hallucatus, Isoodon macrourus, 
Notomys aquilo and Pseudomys 
delicatulus in sandy woodland 
habitat. Panel (e) compares wet 
and dry season activity in coastal 
grassland habitat for P. 
delicatulus. Panel (f) compares 
overall P. delicatulus activity for 
coastal grassland (CGr) and 
sandy woodland (SWd), and (g) 
shows the activity for Melomys 
burtoni in coastal grassland in the 
dry season only. 
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Discussion 
The initial predictions that small mammals would begin daily activity soon after sunset and 
continue activity close to dawn were observed in all species; although there were discrepancies for 
P. delicatulus depending on habitat type. Additionally, season clearly drove moderate shifts in 
activity for I. macrourus and P. delicatulus, but not D. hallucatus or N. aquilo. Too few M. burtoni 
were detected in the wet season to determine seasonal differences for this species.  
Abiotic conditions associated with climate are important influences on the activity patterns of 
mammals (Ashby 1972; Roll et al. 2006; Bennie et al. 2014). Small species can have difficulty with 
thermoregulation in extremely hot or cold temperatures and, therefore, may shift daily timing of 
activity to periods more suitable to their physiology (Roll et al. 2006; Pita et al. 2011; Shuai et al. 
2014). Likewise, small mammals can adapt their activity patterns to respond to seasonal changes in 
photoperiod (Paise and Vieira 2006; Larrucea and Brussard 2009). However, detailed studies on the 
diel activity patterns of small mammals in tropical environments, with little variation in temperature 
and photoperiod, are scant. Rainfall is possibly the abiotic factor with the strongest seasonal change 
on Groote Eylandt (Figure 5.1). This drives seasonal changes in plant growth and invertebrate 
abundance, resulting in large, seasonal variation in food availability for small mammals (Dunlop 
and Webb 1991; Woinarski et al. 2005). As diet switching and changes in activity patterns are 
proposed mechanisms for vertebrates to respond to this system of fluctuating resources (Woinarski 
et al. 2005), we predicted that some of our focal species would display marked changes in activity 
patterns between the wet and dry seasons.  
In laboratory experiments, Kennedy et al. (1995) demonstrated that food availability influenced the 
activity patterns of I. macrourus; although the species remained entrained to nocturnality when 
feeding was restricted to during the day. Gott (1996) observed large seasonal differences in insect 
abundance between summer and winter at her study site and determined that the diet of I. 
macrourus alters accordingly to utilize food items that are of higher availability. McClelland et al. 
(1999) investigated the physiology of this flexible digestive strategy, demonstrating that the species 
can completely compensate for a lower energy, high fibre diet by greatly increasing the volume of 
food ingested. It follows that during periods of lower insect abundance, such as the dry season in 
the monsoonal tropics, I. macrourus would display a more sustained activity period throughout the 
night to maintain energy intake. This likely explains the significant change in the nightly 
distribution of activity of this species between the seasons in our study (Table 5.1). In the wet 
season, activity peaked sharply after nightfall, which probably reflects a feeding bout on abundant 
insects, before a lull in activity in the middle of the night (Figure 5.2b). The second peak of activity 
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before dawn may indicate that the species undergoes a second feeding bout later in the night to 
maintain energy during the inactive day time period.  
As D. hallucatus is also an opportunistic omnivore that shows some dietary plasticity in response to 
resource availability (Oakwood 1997), we expected that there would be a degree of change in 
activity patterns between the seasons for this species. However, D. hallucatus displayed a high level 
of fixity between the wet and dry seasons at our study site (Figure 5.2a; Table 5.1). The explanation 
for this may be in the lower degree of dietary plasticity possible for D. hallucatus compared to that 
of I. macrourus. The genus Dasyurus contains four species that range in predatory behavior from 
mostly insectivory in the smaller species, to mostly vertebrate predation in the largest species 
(Hume 1999). Therefore, the anatomy and physiology of the digestive system of D. hallucatus may 
be evolutionarily constrained in the degree of plant material in can digest. Although this species is 
known to opportunistically feed upon fruit and flowers (Oakwood 2008), invertebrates possibly 
form a large part of the diet during both seasons on Groote Eylandt. As this food source is high in 
energy and rapidly digested (Hume 1999) two main feeding periods may occur each night allowing 
for a rest period in between. Similar to our results, the diel activity patterns of the eastern quoll 
(Dasyurus viverrinus) and Tasmanian devil (Sarcophilus harrisii) were not affected by season; even 
during extreme winter conditions (Jones et al. 1997).  
In smaller mammals, high metabolic rates are a limiting factor on the daily distribution of activity 
(Ashby 1972). Because of this, we expected sustained activity throughout the night for the rodents, 
including peaks of activity soon after dark to replenish energy lost during the day (O'Farrell 1974; 
Vieira and Baumgarten 1995). Although this was evident for all species in some of our results, the 
effect was not consistent for all seasons and habitats. The effect of season on activity patterns is less 
easily explained for the rodents in our study than for the larger marsupials. Dietary flexibility in N. 
aquilo and P. delicatulus is not well understood, although it is unlikely that either species utilizes 
invertebrates as an important food source (Dixon and Huxley 1985; Ford 2008). N. aquilo may 
consume green vegetation (Dixon and Huxley 1985), and therefore, may benefit from the increased 
growth of grasses and shrubs during the wet season in northern Australia (Dunlop and Webb 1991). 
However, any potential change in food availability between the seasons resulted in no significant 
differences in the distribution of activity for this species (Table 5.1). N. aquilo displayed three weak 
peaks of activity in both seasons, with those closest to dusk and dawn in the dry season the most 
pronounced (Figure 5.2c). This fairly uniform pattern of nightly activity is likely the result of the 
high energetic needs of small mammals that require a sustained foraging effort; particularly those 
that consume high fiber plant foods (Ashby 1972).   
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The very small P. delicatulus displayed high levels of plasticity in the estimated patterns of activity 
in this study. Contrary to our predictions, the latter half of the night was preferred in the woodland 
habitat, with this pattern strongest in the dry season (Figure 2d). There are two hypotheses that may 
possibly explain this result: predation pressure and interspecific competition. P. delicatulus and N. 
aquilo both inhabit sandy woodland on Groote Eylandt. However, the abundance and distribution of 
N. aquilo on the island have greatly diminished in recent times (Diete et al. 2016b; Chapter 4), and 
most records of P. delicatulus in woodland habitat were from areas where no other rodents were 
detected. Further, the differential use of microhabitat between these species likely facilitates spatial 
segregation, reducing the importance of temporal partitioning as a means of coexistence (Schoener 
1974). The quadrupedal P. delicatulus likely selects more sheltered microhabitats, while the bipedal 
N. aquilo shows preference for open microhabitats (Diete et al. 2016b; Chapter 4).  
It is speculated that quadrupedal rodents are less equipped at predator avoidance compared to 
sympatric bipedal species (Kotler and Brown 1988; Murray and Dickman 1994). If P. delicatulus 
does experience higher risk of predation than N. aquilo, it is possible that this species avoids 
predators temporally as well as spatially. Large changes in activity patterns in response to different 
predation levels have been demonstrated for small terrestrial mammals. In a captive study, voles 
switched from ultradian (day and night) activity to predominantly nocturnal activity after the 
introduction of a diurnal mustelid predator (Eccard et al. 2008). Sale and Arnould (2009) explained 
that the nocturnality of Antechinus swainsonii on an island, which contrasted with the adjacent 
mainland population, was likely due to the elevated predation risk from diurnal raptors on the 
island. The woodland habitat on Groote Eylandt is likely inhabited by higher abundance of potential 
predators of rodents, including D. hallucatus, masked owls (Tyto novaehollandiae), tawny 
frogmouths (Podargus strigoides) and ghost bats (Macroderma gigas). Tawny frogmouths and 
ghost bats have been directly observed preying upon P. delicatulus in pitfall traps at the study site 
(Diete et al. 2016a; Appendix a). Mice that delay their activity until these predators become sated 
may reduce their predation risk. Conversely, it is possibly advantageous to forage early in the 
evening in coastal grassland habitat before volant, woodland-dwelling predators have time to reach 
these areas to hunt. This may contribute to the initial peaks of activity in this habitat for both P. 
delicatulus and M. burtoni. Further, predation risk to rodents may be reduced in the wet season due 
to rain and cloud cover that reduce visibility for predators that rely on sight for hunting (Stokes et 
al. 2001). The shorter foraging period for P. delicatulus in the woodland in the dry season may be 
due to individuals synchronizing activity to spread predation risk (Stokes et al. 2001). This may be 
more important for this species in woodland, as their abundance is much lower in this habitat type 
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than in coastal grassland on Groote Eylandt where they are highly abundant (RLD unpublished 
data).   
Temporal segregation between competing rodents possibly played a role in shaping activity patterns 
in the grassland. In this habitat, P. delicatulus remains active throughout the night (Figure 2e) and 
its high abundance may compel M. burtoni to forage as early as possible after sunset before 
resources are depleted. There were no detections of M. burtoni in coastal grassland in the wet 
season at all. This may indicate that this species undergoes seasonal shifts in spatial activity into 
forests fringing the coastal area. This would be facilitated by this species’ omnivorous diet (Kerle 
2008).  
Our study had some limitations that restrict our ability to conclusively explain our results. While 
seasonal increases of plant growth and insect abundance were observed by us, and supported by 
literature on the region, food availability for particular species was not measured. This was further 
complicated by poor ecological and dietary knowledge in the literature of most of our focal species. 
Camera trapping is a useful technology in studies of animal activity as it provides precise records of 
the timing of detection; however, the method does have constraints. Activity is only measured when 
animals encounter static camera trap stations and no information of activity away from the camera 
traps (for example, in or near burrows) is measured. As for all the focal species in this study, D. 
hallucatus was recorded as active only during periods of full darkness, even though this species, 
unlike the others, is known occasionally to be active during the day (Oakwood 2008). Anecdotally, 
we did directly observe some daytime activity of this species in rocky coastal areas; a habitat not 
sampled with camera traps in this study. It is possible that some daytime activity of the focal species 
was missed by the camera traps due to periodic overlap between ambient temperature and animal 
body temperature (Meek et al. 2012). However, the number of photographs missed is likely to be 
very few, if any, as we did get many photographs of diurnal macropods, birds and lizards. 
Additionally, it is difficult to determine the sex of small mammals from camera trap images, 
therefore, intersex differences could not be measured during our study. This could be particularly 
relevant to D. hallucatus due to an intense breeding season in which males undergo semelparity 
(Oakwood et al. 2001).  
The effect of moonlight was also not analyzed in this study as we had little data from full moon 
periods and nightly illumination was not measured. Nightly illumination would be heavily 
influenced by the seasons due to cloud cover and is likely more important than lunar cycle in its 
effect on small mammal activity (O'Farrell 1974). Future studies on the effect of moonlight and 
other types of illumination on these species would be useful. As our study provided only 
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correlational evidence to interpret our results, further research is required to critically determine the 
effects of factors such as food abundance, predator activity and competition with manipulative 
experiments. Multiple factors are likely to be influencing small mammal activity at our study site as 
mechanisms that shape the temporal niche of animals are complicated by interacting biotic and 
abiotic factors that affect energy use, survival and reproduction (Hut et al. 2012).  
Our results clearly demonstrate that some small mammals in a wet-dry tropical environment, such 
as D. hallucatus and N. aquilo, conform to a dedicated pattern of activity in both seasons, while 
others, such as P. delicatulus and I. macrourus, exhibit plasticity that can be influenced by factors 
such as season and habitat. Our data indicate that dietary flexibility may result in the seasonal 
shifting of temporal activity for species such as I. macrourus. Significant differences between the 
activity patterns of P. delicatulus in different habitats may indicate that this species is influenced 
more by predator activity. Our study offers insight into the diel activity patterns of a suite of small 
mammals that had not previously been investigated. The large sample sizes presented here should 
reduce bias that can arise from atypical behavior from a small number of individuals (Stokes et al. 
2001). This study could be valuable to ecologists for improving the timing of spotlighting or live 
trapping surveys, and to other biologists for understanding the foraging behavior, predator 
mitigation strategies and general ecology of these species. In particular, the study of nocturnalism 
and activity patterns is entering a new paradigm with the advent of better survey tools, such as 
camera traps, and the refinement of sensory brain tissue analysis (Laura Smale, Michigan State 
University, personal communication, May 2016).  
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This study has contributed immensely to the ecological understanding of Notomys aquilo. It is the 
first body of work to study the species using direct observations since the studies of Thomson and 
Johnson in the mid-20th century (Dixon and Huxley 1985; Johnson 1964). Technological advances 
in wildlife research tools since this time, such as camera trapping and radiotelemetry, were critical 
for the overall success of the project. For example, prior to this study, it was generally believed by 
ecologists that Pseudomys delicatulus does not construct back-filled burrows with closed spoil 
heaps similar to N. aquilo (Ward 2014); even after excavations revealed P. delicatulus inhabiting 
such burrows on Groote Eylandt (Coffey Environments 2010). If not for the unequivocal evidence 
obtained from video camera traps on rodent burrowing behaviour (Chapter 2), ineffective 
monitoring of N. aquilo might still be contributing to misinformation regarding the abundance and 
distribution of the species.  
I was able to make significant improvements to monitoring techniques to effectively sample N. 
aquilo and sympatric vertebrates (Chapter 3). With a critical evaluation of different baits for camera 
trapping mammals, the results presented in Chapter 3 added to a small amount of evidence to 
critically demonstrate that peanut butter-based baits are the most effective for general fauna surveys 
using camera traps, while the previously untested bait of sesame oil may be useful for targeting 
threatened species such as Dasyurus hallucatus and N. aquilo. Inadvertently, I demonstrated that 
white flash camera traps used in overhead orientation are effective in obtaining images of markings 
of D. hallucatus for identifying individuals for mark-recapture studies. This technique may be 
useful for a variety of other species that are naturally marked or marked during live-trapping. One 
of three pitfall trap types tested during this research had been previously evaluated in only one other 
published study; and then, only for its efficacy in trapping mammals. The results presented here will 
allow researchers and land managers to make more informed choices when selecting traps for 
capturing different groups of terrestrial vertebrates. 
Chapter 4 presents the results of three years of field research on the distribution, abundance, life 
history, home range, microhabitat use and burrow use of N. aquilo on Groote Eylandt. These data 
will form the foundation for developing conservation strategies for the species. Importantly, better 
understanding of the habitat requirements of N. aquilo will assist with identifying priority areas for 
conservation when land is considered for mining or other development. The confirmed decline of N. 
aquilo may be instrumental in identifying it as a priority species for conservation action and a 
potential change in conservation status which is currently being considered by the Department of 
Environment (L. Taylor, Wildlife, Heritage and Marine Division, Department of the Environment, 
personal communication 2016). 
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Chapter 5 presents analysis of the large camera trapping dataset collected over the course of the 
study and presents new ecological knowledge of a suite of north Australian mammals. The results 
will be useful for making informed choices for the timing of field surveys for threatened species and 
for understanding the behavioural response of small mammals to environmental influences such as 
season.   
Despite the significant advances in understanding the ecology of N. aquilo made by this study, 
many more questions remain unanswered; some arose in course of my research, while others were 
the focus of experiments that did not come to fruition in this study. Chapter 1 identified the 
possibility that either neophobia or the use of unattractive baits possibly contribute to the aversion 
of N. aquilo towards box-style traps. After capturing one N. aquilo in a Sherman trap baited with 
sunflower seeds (Chapter 4), an experiment was designed to test the effectiveness of two different 
baits and longer deployment periods of Sherman traps. However, it soon became clear that the trial 
would not succeed due to very high levels of interference with traps by D. hallucatus and Isoodon 
macrourus, as confirmed with camera traps. Some targeted use of Sherman traps was trialled 
around the burrows of radio-collared animals, resulting in no captures of N. aquilo. However, these 
individuals may have been less inclined to interact with objects smelling of humans after their 
recent experience of being handled and collared. Therefore, it remains unknown if capture success 
of N. aquilo in box traps can be improved using these methods.  
There were other instances where high abundances of sympatric mammals hindered field research 
on N. aquilo. Giving-up density (GUD) experiments were designed to critically determine if N. 
aquilo perceived different levels of predation risk to that of quadrupedal rodents. A series of 
adaptations to GUD feeding trays were required to prevent D. hallucatus and I. macrourus from 
entering them and consuming all the food. However, when these species were eventually excluded, 
no N. aquilo would enter the GUD plots; possibly because they were reluctant to move through the 
small gauge wire needed to exclude other species. 
Experimentally determining the processes and factors causing the decline of N. aquilo on Groote 
Eylandt was, unfortunately, beyond the scope of this study. Until recently, extirpation and 
extinction of Australian mammals was believed to be primarily an affliction of the continent’s drier 
southern landscapes (McKenzie et al. 2007; Short and Smith 1994; Woinarski 2000). Patterns of 
early mammalian decline in arid and southern Australia correlated with large scale hunting, land 
clearing or thinning, and the distribution of the red fox (Vulpes vulpes) (Short and Smith 1994); 
factors that are noticeably reduced or absent in the northern high-rainfall regions (Woinarski 2004). 
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However, it is now becoming increasingly clear that small to medium-sized terrestrial mammals of 
the monsoonal tropics are exhibiting a delayed, but no less severe, response to the threatening 
processes instigated by European colonisation (Flannery 2012; Woinarski et al. 2010; Woinarski et 
al. 2011). The suggested proximal mechanisms for these recent declines are: habitat change caused 
by weeds, exotic herbivores or altered fire regimes; elevated predation impacts wrought by the feral 
cat (Felis catus); and poisoning following predation of the cane toad (Rhinella marinus) (Woinarski 
et al. 2011). Compounding these issues is the limited amount of monitoring and critical evaluations 
of threatening processes for particular species or communities that have been undertaken in these 
largely remote, affected areas (Woinarski et al. 2011). 
Groote Eylandt is free from several processes that are impacting mammal populations on the 
adjacent mainland. The island does not have established populations of cane toads or exotic 
herbivores, and non-native plant species are at low abundances. Although Groote Eylandt hosts 
strip-mining for manganese extraction, these operations are currently restricted to a small 
proportion of the island’s land surface. A fourth possible causal factor driving northern mammal 
declines (novel disease) was explored by Woinarski et al. (2011) but these authors found little 
evidence to support this hypothesis. Therefore, the most likely threatening processes causing the 
decline of N. aquilo are predation by cats, inappropriate burning practices, or a combination of both 
these factors.  
Future research on N. aquilo should endeavour to critically determine the role of each of the 
potential threats to the species for the development of effective conservation strategies. Managing 
fire regimes for optimising biodiversity in the woodlands of the Northern Territory is challenging 
due to insufficient data and low uptake of recommendations by land managers (Woinarski 2004). 
On Groote Eylandt, frequent burning occurs in areas that are most regularly visited by people, and 
this is not controlled by any land management plan. These areas are also the most accessible for 
fauna surveys, so it is possible that good habitat exists for N. aquilo in remote parts of the island 
that are distanced from direct human impacts such as frequent burning. However, the distribution of 
the species is, nonetheless, inherently limited by the widespread presence of sandstone and laterite 
substrates which are not suitable for hopping-mouse burrow building (Figure 4.1).  
Research on the ecology and impacts of feral cats in northern Australia has been identified as a 
priority for biodiversity conservation (Woinarski et al. 2011). One of the suggested approaches to 
this is the use of exclusion fencing to measure the response of native species to cat predation and 
the interacting factors of fire frequency and intensity (Woinarski et al. 2011). Groote Eylandt would 
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be an ideal location for such experiments due to low levels of confounding threatening processes 
and the relatively intact vertebrate fauna assemblage. In the absence of critical evaluations of 
impacts of cat predation on N. aquilo, it is assumed that the species would benefit from the control 
(or better, eradication) of cats on Groote Eylandt. However, further research is required to improve 
bait delivery to cats while minimising uptake by non-target species such as D. hallucatus. This is 
the focus of some current research on the island (G. Gillespie, Department of Land Resource 
Management, personal communication 2015).  
Unfortunately, it is likely that many species’ declines in remote northern Australia are occurring 
without monitoring or documentation (Woinarski et al. 2011). Therefore, the present study was 
critical for confirming the speculated (Woinarski et al. 2014) decline of N. aquilo on the island that 
was once thought to be its stronghold. In addition, the much improved monitoring methods for N. 
aquilo and other vertebrates resulting from this work will be extremely useful for future research 
and conservation of these species. Over 70 years after its discovery on Groote Eylandt, critical 
research on N. aquilo to document its most basic life history, ecology, and sadly, decline, was 
initiated only because of the apparent goodwill of the local mining company. If a relatively iconic 
mammal species such as a hopping-mouse has long been neglected in research priorities and 
monitoring, it does not bode well for the conservation of biodiversity in Australia.  
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Abstract 
Pitfall trapping for wildlife research is accompanied by the risk of predation of captured animals. 
However, predation events are sometimes difficult to observe and not subsequently reported. We 
describe the first known records of predation of pitfall-trapped animals by ghost bats. We discuss 
these observations in the context of ghost bat hunting behaviour and the implications for pitfall 
trapping studies in northern Australia. 
Introduction 
Predation of captured animals is a recognised risk of pitfall trapping for wildlife research (Powell 
and Proulx 2003). Predation is rarely quantified in published trapping studies, although Ferguson et 
al. (2008) demonstrated that a variety of predators can visit pitfall traps and potentially pose a 
substantial risk to study species. Ferguson and Forstner (2006) developed a device to exclude large 
mammalian predators from pitfall traps with minimal impact on target species, however, predator 
exclusion devices have not generally been adopted for standard fauna surveys. In Australian studies, 
predation by animals such as dasyurid marsupials and monitor lizards has been indirectly observed 
during pitfall trap surveys using soil plots (C. Dickman pers. comm 2015). Predation by volant 
vertebrates (birds and bats) is difficult to determine since they may not leave evidence such as 
tracks around traps. 
The ghost bat (Macroderma gigas) is Australia’s largest echolocating bat species (Van Dyck and 
Strahan 2008). Ghost bats are carnivorous with preferred prey including small mammals, bats and 
birds (Douglas 1967; Tidemann et al. 1985; Toop 1985; Boles 1999). Rodents recorded as prey of 
ghost bats include the house mouse (Mus musculus) (Douglas 1967; Toop 1985), mosaic-tailed rats 
(Melomys sp.) (Hoyle 1985), delicate mouse (Pseudomys delicatulus), western chestnut mouse 
(Pseudomys nanus) (Schulz 1986) and sandy inland mouse (Pseudomys hermannsburgensis) 
(Douglas 1967). 
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Observations of hunting ghost bats indicate that they rely on passive sound localisation and visual 
cues rather than echolocation for detecting prey (Guppy and Coles 1983). A common hunting 
strategy involves observing prey from a vantage point before flying and attacking directly or 
dropping vertically onto prey from a low height (Guppy and Coles 1983; Toop 1985). Once 
captured, the prey is restrained by enveloping it with the wings, held with the claws of the thumbs 
and killed by repeatedly piercing the head or neck with the large canine teeth (Boles 1999; Guppy 
and Coles 1983; Kulzer et al. 1984; Toop 1985). The prey is then usually carried to a perch where it 
is consumed and the hind legs and tail are often discarded (Guppy and Coles 1983; Toop 1985). 
Groote Eylandt is Australia’s fourth largest island (2378 km2), located off the eastern coast of 
Arnhem Land, Northern Territory. The island has a rich faunal diversity that includes six species of 
native rodent. Almost all of the specimen records for the northern hopping-mouse (Notomys aquilo) 
are from Groote Eylandt (Woinarski et al. 1999). The species is listed as ‘Vulnerable’ under the 
Environment Protection and Biodiversity Conservation Act 1999. Pitfall traps have been used to 
study terrestrial vertebrates on Groote Eylandt since at least 1991 when 5 L bucket traps were used 
in a baseline study of the island’s herpetofauna (Webb 1992). Later studies incorporated 20 L 
bucket pitfall traps into their survey methodology for frogs, reptiles and small mammals (Barden 
2008; Hansen Bailey 2015; Mahney et al. 2009; Van der Geest 2012).  
We describe the first records of predation by a bat on animals caught in pitfall traps and the first 
record of predation by a ghost bat on a species of Notomys. The observations offer insight into the 
hunting behaviour of ghost bats at pitfall trapping sites. We discuss the implications of our findings 
for pitfall trap studies on Groote Eylandt and elsewhere.  
Methods and results 
Pitfall traps of three different sizes were used to capture the northern hopping-mouse and sympatric 
vertebrates on Groote Eylandt in 2013 and 2014. Two of the pitfall trap types were constructed 
using PVC pipe with a depth of 65 cm and diameters of 22.5 cm (type A) and 15 cm (type B) 
respectively. The third pitfall type was a 20 L bucket (40 cm deep, 29 cm wide). Drift fences 
constructed of aluminium insect screening 10 m long and 40 cm high were used to increase the 
likelihood of captures. The pitfall traps were provided with cardboard or polystyrene foam shelters 
to offer protection against weather and predators to trapped animals. Pitfall traps were set in 
Eucalyptus open woodland and coastal grassland on the western side of the island. The traps were 
checked at dawn and all animals released at the point of capture. Pitfall trap effort for type A and B 
pitfall traps totalled 3290 trap nights each, while bucket trap effort totalled 1214 trap nights. 
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In June 2014, during trapping in woodland habitat (13.96961°S, 136.50151°E) (Fig. 1a), a pitfall 
trap (type A) was found to contain three carcasses of juvenile northern hopping-mice and a live 
ghost bat (Fig. 1b). One of the hopping-mice had been eaten almost entirely with only the anterior 
portion of the head, one hind leg, one front paw and part of the tail remaining. The other two 
hopping-mice were intact, one with injuries to the throat and the other apparently bearing bite marks 
to the head and body. The ghost bat was an adult male. It was released at the point of capture 
without being measured or weighed. In October 2014 in the same trapping grid, another type A 
pitfall trap was found to contain a deceased delicate mouse and a female ghost bat weighing 107 g. 
The ghost bat had consumed the anterior half of the delicate mouse, leaving part of the torso, hind 
legs and tail. 
 
Figure 1 Two of the three ghost bats captured in pitfall traps and the associated habitat types on 
Groote Eylandt. (a) Open woodland dominated by Eucalyptus tetrodonta. (b) A male ghost bat and 
the remains of three juvenile northern hopping-mice. (c) Coastal grass and shrub habitat on the 
island’s south-west peninsula. (d) A female ghost bat with remains of a delicate mouse. 
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In September 2014, while trapping in coastal grassland habitat (14.19382°S, 136.41101°E) (Fig. 
1c), another ghost bat was captured, again in a type A pitfall trap (Fig. 1d). The bat had consumed a 
delicate mouse and had discarded the anterior portion of the head and one hind foot. This ghost bat 
was a female weighing 108 g. All captured ghost bats were released into the closest dense thicket or 
cave. 
Discussion 
Pitfall traps of the particular size used in this study (22.5 cm diameter, 65 cm deep) are not 
commonly used in other studies and may have facilitated the novel observations of predation of 
trapped animals. Ghost bats were only captured in type A pitfall traps even though narrower and 
wider traps were used concurrently. It is likely that the ghost bats were attracted to the movement 
and sound of captured rodents and after descending and killing the prey, were unable to escape. The 
narrow aperture and depth may have prevented the ghost bats from taking flight from the base of 
the trap. This would explain why the prey were consumed at the capture site when the normal 
feeding behaviour of the species is to consume it at a perch (Guppy and Coles 1983; Toop 1985).  
It is conceivable that ghost bats have visited bucket pitfall traps undetected on Groote Eylandt and 
other locations within the species’ distribution. The wider aperture and shorter depth of bucket 
pitfall traps may allow the self-release of ghost bats after capturing and then removing prey items, 
allowing the predation event to go unnoticed by researchers. Although fewer bucket pitfall traps 
were used in our study compared to type A and B traps, there have been numerous studies using 
bucket pitfall traps on Groote Eylandt and other areas within the distribution of the ghost bat, none 
of which have reported a capture of this species (Hansen Bailey 2015; Mahney et al. 2009; Van der 
Geest 2012; Woinarski et al. 2010). It is also likely that the very narrow aperture (15 cm) of the 
type B pitfall trap restricts ghost bats entering the traps to access prey. 
Due to the different sexes of the ghost bats caught in the same trapping grid and the distance (~27 
km) between trapping sites, it is likely that all three captures of ghost bats were of different 
individuals. The hunting of rodents in pitfall traps is therefore unlikely to be a learned and repeated 
behaviour by a single animal. We estimate that the ghost bat captured in coastal grasslands in the 
south of the island was approximately 10 km from the nearest suitable roost sites. These were caves 
located to the north-east (Castle Rock; 14.11940°S, 136.46736°E), and east (14.18611°S, 
136.50527°E) of the trap site. It is unlikely that suitable roost sites occur in the intervening area as 
the habitat is dominated by grassland and open woodland on sand in an extensive dunefield. Ghost 
bats have been reported to travel many kilometres per night between roost sites and foraging areas 
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(Tidemann et al. 1985). Tidemann et al. (1985) recorded a ghost bat flight of 3.5 km in 10 minutes, 
indicating that the distance between foraging areas up to 10 km from the roost could be covered in a 
period spanning 20 – 30 minutes. The high abundance of delicate mice in this particular habitat 
(unpub. data) may draw hunting ghost bats to the area and offset the energetic costs of flying long 
distances from roost sites.  
Observations of predator-prey relationships are increasingly important in the context of a 
contemporary collapse of mammalian prey species in the northern Australian monsoonal tropics 
(Fisher et al. 2014; Woinarski et al. 2011; Woinarski et al. 2010; Ziembicki et al. 2013). Almost all 
of the mammal genera identified as known or potential prey of the ghost bat have been shown to be 
declining, including small carnivorous marsupials and rodents (Woinarski et al. 2011; Ziembicki et 
al. 2013). Our observations detailed here are the first records of ghost bat predation on a species of 
Notomys. Although it is possible that this species may not normally be taken as prey due to its 
ability to evade ghost bats, the information may be useful for ecological studies of northern 
hopping-mice and ghost bats in the Top End, particularly Groote Eylandt. 
Additional possible predation events by vertebrates were noted during our trapping studies. These 
included the capture of two northern quolls (Dasyurus hallucatus) in pitfall traps and the occasional 
tracks of this species leading to and from the traps, faeces in traps from a mammalian carnivore, one 
instance of blood in an otherwise empty pitfall trap, and the capture of a tawny frogmouth 
(Podargus strigoides), a species which is known to hunt small mammals (Serventy 1936). These 
observations occurred in both type A and B pitfall traps. Although no vertebrate predators appeared 
to be harmed during the study, ethical considerations for pitfall trapping should assess the potential 
impact to all target and non-target species as some, such as bats, may be at risk from exposure when 
held in traps after dawn.  
Quantifying and mitigating for negative impacts of trapping wild animals is an ethical obligation of 
wildlife researchers. It is apparent from our observations that small unsecured shelters offer 
inadequate protection of trapped animals against predators such as ghost bats, quolls and predatory 
birds. It would be useful for future research to quantify the impacts of predation in pitfall trap 
studies in the Australian context.    
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Sampling methodology for the northern hopping-mouse: recommendations for GEMCO 
preclearance surveys 
Background 
Indirect signs have been used to survey for the northern hopping-mouse as the species is cryptic and 
trap-shy towards Elliott traps. However, exactly what constitutes signs of northern hopping-mice 
has caused much confusion for surveyors, managers and researchers in recent years. This report 
aims to guide surveys for the northern hopping-mouse by synthesising the latest research and acting 
as a photographic guide to relevant field signs.     
Spoil heap observations 
Spoil heaps are piles of soil that are usually round to oblong in shape and have no visible hole from 
where the spoil emerged, as this is filled in from inside the burrow (Figure 1). Spoil heaps were 
confirmed as belonging to northern hopping-mouse burrows by either radio tracking or camera trap 
image analysis from unfinished burrows (Figure 2) . Confirmed hopping-mouse spoil heaps in 
woodland habitat were measured for length, width and height (n = 24). Hopping-mouse spoil heaps 
ranged from 51 – 110 cm in length with a mean of 81.9 cm (± 0.167). Measurements of confirmed 
hopping-mouse burrows have so far only been obtained in one area of Groote Eylandt: from the 
western side of Top Crossing to the Cave Paintings. Therefore, extrapolation of these data to other 
areas should be done with caution, as it is feasible that different soil types may affect the size of 
burrows and the subsequent spoil heap. With these shortcomings in mind, and based on the current 
knowledge, spoil heaps measuring 50 cm or less at their longest diameter can be discounted as sole 
evidence of northern hopping-mouse habitation with reasonable confidence. It should also be noted 
that aged/weathered spoil heaps may appear smaller than their original size with the edges eroded or 
obscured by leaf litter (Figures 3 and 4). Aged and weathered spoil heaps may still belong to 
inhabited burrows, as has been confirmed by radio tracking. Also, all radio tracked hopping-mice (n 
= 9) used burrows where a spoil heap was visible, meaning spoil heaps are still a useful sign to 
guide surveys of the species, regardless of the potential for misidentification. In habitats with dense 
ground cover, spoil heap visibility can be greatly reduced; however, the northern hopping-mouse is 
unlikely to regularly use such areas, as it impedes the locomotion of the animals. Radio tracking 
studies have confirmed that the species utilises microhabitats with sparser ground cover.   
Confirmed delicate mouse spoil heaps have been found to have lengths of up to 72 cm in coastal 
grassland habitat (n = 3) (Diete et al., 2015). However, anecdotal observations indicate that delicate 
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mouse spoil heaps in woodland habitat are usually smaller than this with a mean length of 47.6 cm 
(± 4.9 cm) (Coffey Environments, 2010). Due to the difficulties with radio tracking this small 
species and the rarity of finding incomplete burrows which can be monitored with camera traps, the 
sample size of confirmed delicate mouse spoil measurements is very small. Personal observations of 
spoil heaps in coastal areas where a large trap effort failed to detect hopping-mice suggests that 
delicate mouse spoil heaps in coastal areas can be large enough that they are indistinguishable with 
hopping-mouse spoil heaps. This is possibly due to the friable, less compacted soils of coastal areas 
facilitating the larger excavation of burrow systems by the delicate mouse.   
Pop holes 
Researchers have suggested that northern hopping-mice plug their pop holes with sand, making the 
burrow entrances difficult to locate (Woinarski et al. 1999). During radio tracking studies, in all but 
a few cases, open pop holes were found to be associated with inhabited burrows, although radio 
tracking greatly aided the process of locating these, often obscure, burrow entrances. Open pop 
holes which were observed being used by hopping-mice at night were never found to be plugged 
when observed during the day. However, these observations occurred only in woodland habitat, 
therefore it is possible that hopping-mice do plug their pop holes in other habitat types; although it 
is not known how they would achieve this. Hopping-mice were confirmed as being present in the 
coastal grasslands of Dalumbu Bay. Obvious, large, open pop holes were present here (Figure 10) 
and have not been observed in any other coastal regions where efforts failed to locate hopping-mice.  
Pop holes in woodland habitat confirmed as belonging to northern hopping-mice were measured (n 
= 28). These ranged between 2.1 and 4.0 cm with the mean diameter 2.91 cm (± 0.40). A much 
smaller number of confirmed delicate mouse pop holes were measured during the study (n = 3). 
These measured 19, 19 and 21 mm in diameter respectively. The average diameter of delicate 
mouse pop holes measured by Coffey Environments (2010) was 16 mm (± 3 mm). Observations of 
probable delicate mouse pop holes in coastal regions suggests that these may be slightly larger than 
in the woodland habitat (Figure 12). However, in the woodland habitat, it seems likely that little to 
no overlap in pop hole size by the two rodents occurs. Due to their larger body size, it would be 
unlikely that hopping-mice could fit into a pop hole smaller than 2.1 cm. Therefore, pop holes under 
2.1 cm in diameter can be discounted as evidence of hopping-mouse presence with reasonable 
confidence. Unfortunately, delicate mice do appear to plug their pop holes (Diete et al. 2015), and 
even when not plugged, the holes are very small and obscure. Hopping-mouse pop holes can also be 
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obscure in habitats with a thick leaf litter, meaning that the use of pop holes to allocate burrows of 
species can be problematic. 
Tracks 
The use of tracks (Figure 14) has been suggested as a useful survey tool for the northern hopping-
mouse (Woinarski and Flannery, 2008). However, in woodland habitat, visible tracks of the species 
are extremely rare due to the leaf litter layer or compaction of the top soil. The identification of 
tracks may be useful in very open, sandy regions such as sparsely vegetated coastal grasslands. 
However, several species of passerine birds may make tracks that can be confused with the species, 
so confirmation should always be attained using definitive methods such as camera trapping. 
Pitfall trapping 
Pitfall traps, 60 cm deep, 15 or 22.5 cm wide have successfully captured the northern hopping-
mouse. Adult hopping-mice can escape from unmodified, shallow, bucket-style pitfall traps, 
therefore these should not be used to survey the species. Wider pitfall traps capture approximately 
twice as many hopping-mice as the narrow pitfall traps. However, capture rates were generally low 
and the installation, removal and daily checking of pitfall traps is expensive in labour and materials. 
Due to these impracticalities, pitfall trapping is not recommended for general surveys of the species. 
If captured individuals are required, such as for radio tracking studies, camera trapping should be 
conducted prior to live trapping to confirm the presence and activity of the species in a particular 
area. 
Camera trapping 
Camera trapping has been the most successful and cost effective method of gaining data on the 
behaviour and distribution of the northern hopping-mouse. Camera trapping can be useful for 
monitoring the species in several ways: 
 determining the species building burrows if the burrows are found before completion; 
 determining that particular burrows are inhabited by hopping-mice; and 
 determining the presence and abundance of hopping-mice in a given area.  
Northern hopping-mice have been found to shelter by day only in burrows with visible spoil heaps, 
therefore, camera trapping for the species is best conducted in areas with spoil heaps measuring 
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over 50 cm in length. In experiments, camera traps set close to known inhabited burrows returned 
images of the species within three days, however, moonlight and weather may affect activity of 
hopping-mice, therefore at least seven days of camera trapping should be conducted for a confident 
result. 
Both white flash and infrared camera traps have been useful in detecting the species. Infrared flash 
camera traps (Figures 16 and 17) return more images of the species; however, this is not to be 
confused with a greater number of individuals visiting camera traps. White flash camera traps 
(Figures 18 and 19) likely return a more realistic index of abundance and the clearer colour images 
reduce misidentification.  
Camera traps can be set in either horizontal (Figures 16 and 18) or vertical (Figures 17 and 19) 
orientation. Horizontal orientation is more convenient and additional set up equipment not required 
as camera traps can usually be secured to trees. However, this orientation usually requires far more 
vegetation to be removed to prevent unwanted camera trap triggers which are time consuming to 
process and can fill up SD cards, rendering the camera trap ineffective. There can also be problems 
determining the size of smaller species as the animal can be anywhere from very close to very far 
from the camera lens. Vertical orientation requires equipment such as a tripod or a star picket and 
bracket to secure the camera trap. This may increase equipment costs and requires more equipment 
to be carried to remote sites. However, the advantages are that standardisation of camera trap 
stations is far easier, animals are always the same distance to the camera trap and the uniquely long 
tail of the hopping-mouse is always clearly visible. 
Sunflower seeds are an attractive bait to the northern hopping-mouse. However, in some areas, 
northern brown bandicoots can interfere greatly with unsecured baits, making the use of seeds in 
standardised surveys ineffective. In a randomised, controlled camera trap bait experiment sesame 
oil was an effective (though not significantly more) bait and is recommended for use in standardised 
surveys for northern hopping-mice. In determining occupancy of burrows, sunflower seeds are the 
most effective bait as bandicoots generally take some time before learning they can eat them. 
Preclearance protocol recommendations 
Based on the above discussion, the following are recommendations for conducting preclearance 
surveys for northern hopping-mice in GEMCO lease areas on Groote Eylandt. Areas proposed for 
clearing that have a sandy top soil layer should be searched for signs of hopping-mouse burrows. 
This should entail one or more surveyors (who are familiar with hopping-mouse signs) walking 
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lines of no more than 10 m apart for the whole of the area to be cleared. Potential spoil heaps 
measuring over 50 cm at their greatest length should be marked by GPS and flagged for on-ground 
identification.  
If spoil heap surveys identify potential hopping-mouse burrows, attempts should be made to locate 
pop holes by visually searching between 1 – 5 m away from the spoil heaps. If pop holes are located 
that are greater than 20 mm in diameter and are straight and deep, this may be taken as sufficient 
evidence of a hopping-mouse burrow to be treated as such for land clearing avoidance purposes. If 
pop holes cannot be located, camera trapping should be conducted to determine if hopping-mice do 
inhabit the area as locating hopping-mouse pop holes is difficult in some habitat types. For clusters 
(> 4/ha) of potential burrows, four camera traps per hectare should be used, set approximately 50 m 
apart. If potential burrows are few and separated by more than 100 m, one camera trap per burrow 
should be set ~ 2 m from the spoil heap. If pop holes are visible, place the camera trap ~ 2 m away 
from the pop hole. Camera traps can be baited with sunflower seeds if non-target species’ 
interference is low, or sesame oil if the bait is removed by other animals. Sesame oil should be 
soaked into cotton balls and held in a porous container such as a tea infuser which will need to be 
pegged or tied into position. Baits should be placed ~ 150 cm from the camera trap. Camera 
trapping should be conducted for a minimum of seven days, ensuring seven true trap nights per 
camera trap are used i.e. the camera traps and baits are functional for the entire period. 
It is strongly recommended that GEMCO initiate a data base to store information regarding 
confirmed northern hopping-mouse populations which be made available to researchers for future 
studies. Despite a high search effort, only three northern hopping-mouse populations could be 
located between 2012 and 2015; at the Cave Paintings area (from the caves to Top Crossing), 
Quarry on the Umbakumba Road and Dalumbu Bay. There is strong anecdotal evidence for both 
historical overestimation as well as a true decline of northern hopping-mouse abundance and 
distribution on Groote Eylandt. Therefore, any hopping-mouse populations discovered by GEMCO 
preclearance surveys may be highly significant in terms of conservation of the species. The driving 
factors of this decline are unknown and should be the focus of future research.   
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Photographic guide to field signs of the northern hopping-mouse and delicate mouse 
 
Figure 1 Spoil heap of the northern hopping-mouse in woodland habitat, completed the previous 
night 
 
Figure 2 Spoil heap of an incomplete northern hopping-mouse burrow. Note the open initial 
entrance tunnel 4-5 cm in diameter which is closed from the inside after approximately five days. 
Hopping-mouse tracks are clearly visible in the spoil. 
 144 
 
 
Figure 3 Weathered spoil heap belonging to an inhabited northern hopping-mouse burrow 
 
Figure 4 Aged and weathered spoil heap belonging to an inhabited northern hopping-mouse burrow 
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Figure 5 Fresh but weathered (by rain) spoil heap of the delicate mouse in Eucalypt woodland 
 
Figure 6 Aged and weathered delicate mouse spoil heap in coastal grassland habitat 
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Figure 7 Delicate mouse burrow in progress in coastal grassland habitat. The initial entrance was 
filled from the inside two days after monitoring began, leaving only a spoil heap. 
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Figure 8 Pop hole (foreground) and spoil heap (background) of the northern hopping-mouse 
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Figure 9 Northern hopping-mouse pop hole in Eucalypt woodland 
 
Figure 10 Northern hopping-mouse pop holes in coastal grasslands at Dalumbu Bay 
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Figure 11 Pop hole (foreground) and spoil heap (background) of the delicate mouse 
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Figure 12 Pop hole of the delicate mouse in woodland habitat 
 
Figure 13 Pop hole of the delicate mouse in coastal grassland habitat 
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Figure 14 Tracks of the northern hopping-mouse in sandy Eucalypt woodland 
 
Figure 15 Tracks of the delicate mouse with dog prints indicating scale 
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Figure 16 Infrared, horizontal camera trap image of the northern hopping-mouse 
 
Figure 17 Infrared, vertical camera trap image of the northern hopping-mouse 
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Figure 18 White flash horizontal image of the northern hopping-mouse 
 
Figure 19 White flash vertical image of the northern hopping-mouse 
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for amending the list of threatened species under the Environment Protection and Biodiversity Conservation Act 1999 (EPBC Act) 
 
Details of the nominated Species or Subspecies 
NAME OF NOMINATED SPECIES (OR SUBSPECIES) 
Scientific name: Notomys aquilo 
Common name(s): Northern hopping-mouse  
CURRENT LISTING CATEGORY 
What category is the species currently listed in under the EPBC Act? (If you are nominating the 
species for removal from the list, please complete the nomination form for removal from the list). 
 Not Listed   Extinct   Extinct in the wild  Critically Endangered 
    Endangered  X Vulnerable   Conservation 
dependent 
CONSERVATION THEME 
A conservation theme has not been established for the 2015–2016 nomination period 
Not applicable for 2015-2016 
 
Transfer Information (for transferring of a species to another category) 
Note: If the nomination is to transfer a species between categories please complete this section.  
If the nomination is for a new listing please skip this section and proceed to the Taxonomy section below. 
If the nomination is to remove a species from the list, please use the delisting form. 
REASON FOR THE NOMINATION FOR CATEGORY CHANGE 
Please mark the boxes that apply by clicking them with your mouse. 
What is the reason for the nomination: 
 Genuine change of status  X New Knowledge   Mistake   Other 
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Taxonomic change –  ‘split’  newly described  ‘lumped’  no longer valid 
INITIAL LISTING 
Describe the reasons for the species’ initial listing and if available the criteria under which it was 
formerly considered eligible 
A marked and continuing decline in range and population size. Suspected decline of >30% in the 
last 10 years with a similar expected rate of decline in the next 10 years. Likely fewer than 10,000 
mature individuals. 
 
CHANGES IN SITUATION 
With regard to the listing criteria, how have circumstances changed since the species was listed that 
now makes it eligible for listing in another category? 
A three year field study of the species on Groote Eylandt has identified that the species has 
apparently been extirpated from the majority of locations where it was recently (Woinarski et al 
1999) thought common and secure. Groote Eylandt may possibly contain the last of the species as 
there are no mainland records from at least the last ten years. A population size of <2000 mature 
individuals is likely. 
 
 
Taxonomy 
TAXONOMY 
Provide any relevant detail on the species' taxonomy (e.g. authors of taxon or naming authority, year 
and reference; synonyms; Family and Order). 
Thomas, 1921 
Other name: Worrentinta 
Rodentia, Muridae 
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CONVENTIONALLY ACCEPTED 
Is the species’ taxonomy conventionally accepted?  
X Yes 
 No 
 
Threats 
IDENTIFICATION OF KNOWN THREATS AND IMPACT OF THE THREATS 
Identify in the tables below any KNOWN threats to the species, under the provided headings 
indicate if the threat is past, current or future and whether the threats are actual or potential. . 
 
NB – CLIMATE CHANGE AS A THREAT. If climate change is an important threat to the 
nominated species it is important that you provide referenced information on exactly how climate 
change might significantly increase the nominated species’ vulnerability to extinction. For guidance 
refer to the Guidelines for assessing climate change as a threat to native species (Attachment B; Part 
G). 
Past threats Impact of threat 
 
 
 
 
 
 
Current threats Impact of threat 
 
 
Known threats to the species have not yet been elucidated but may 
include land clearing for strip mining, predation by cats and 
inappropriate fire regimes. 
 
 
 
Actual future threats Impact of threat 
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Potential future threats Impact of threat 
 
 
 
 
 
 
THREAT ABATEMENT 
Give an overview of recovery and threat abatement/mitigation actions that are underway and/or 
proposed. 
 
None 
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Eligibility against the criteria 
 To be considered eligible for listing a species must be eligible for at least one of Criteria 1-5 (Q12-16). 
 The species does not have to be found eligible for all Criteria and information is not required for all criteria if 
unavailable, however an answer to all questions must be provided, if data/information is unavailable a statement 
to this effect is required. 
 The Committee refers to the ‘Guidelines for Using the IUCN Red List Categories and Criteria’ 
http://jr.iucnredlist.org/documents/RedListGuidelines.pdf for interpreting the criteria. Please refer to the 
guidelines for explanations of how to address answers to the criteria. 
 
CRITERION 1 
Criterion 1. Population size reduction (reduction in total numbers) 
Population reduction (measured over the longer of 10 years or 3 generations) based on any of A1 to 
A4 
 Critically Endangered 
Very severe reduction 
Endangered 
Severe reduction 
Vulnerable 
Substantial reduction 
A1 ≥ 90% ≥ 70% ≥ 50% 
A2, A3, A4 ≥ 80% ≥ 50% ≥ 30% 
A1 Population reduction observed, estimated, inferred or 
suspected in the past and the causes of the reduction 
are clearly reversible AND understood AND ceased. 
A2 Population reduction observed, estimated, inferred 
or suspected in the past where the causes of the 
reduction may not have ceased OR may not be 
understood OR may not be reversible. 
A3 Population reduction, projected or suspected to be 
met in the future (up to a maximum of 100 years) [(a) 
cannot be used for A3] 
A4 An observed, estimated, inferred, projected or 
suspected population reduction where the time period 
must include both the past and the future (up to a 
max. of 100 years in future), and where the causes of 
reduction may not have ceased OR may not be 
understood OR may not be reversible. 
 
(a) direct observation [except A3] 
(b) an index of abundance appropriate to 
the taxon 
(c) a decline in area of occupancy, 
extent of occurrence and/or quality of 
habitat 
(d) actual or potential levels of 
exploitation 
(e) the effects of introduced taxa, 
hybridization, pathogens, pollutants, 
competitors or parasites 
 
Please identify whether the species meets A1, A2, A3 or A4. Include an explanation, supported by data 
and information, on how the species meets the criterion (A1 – A4). If available include information 
required by the EPBC Regulations 2000 on: 
 whether the population trend is increasing, decreasing or static 
 estimated generation length and method used to estimate the generation length 
You must provide a response. If there is no evidence to demonstrate a population size reduction this 
must be stated 
based 
on any 
of the 
following
: 
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A2 – severe reduction, based on (a) and (b) 
Intensive survey effort over three years on Groote Eylandt using pitfall traps, camera traps, burrow 
searches and spotlighting in ostensibly suitable habitats for N. aquilo revealed only three locations 
where the species was detected. From this, it is evident that both the abundance and distribution of N. 
aquilo on Groote Eylandt have declined significantly since observations of the species last century. The 
species was not detected in any of the areas where it was confirmed by Woinarski et al (1999), 
therefore, a decline of >50% on Groote Eylandt is highly likely. In locations where it was present, 
pitfall trapping resulted in captures of approximately 1 individual per 100 trap nights, indicating that 
even where populations remain, abundance is low. 
 
CRITERION 2: 
Criterion 2. Geographic distribution is precarious for either extent of occurrence AND/OR 
area of occupancy 
 Critically Endangered 
Very restricted 
Endangered 
Restricted 
Vulnerable 
Limited 
B1. Extent of occurrence (EOO) < 100 km2 < 5,000 km2 < 20,000 km2 
B2. Area of occupancy (AOO) < 10 km2 < 500 km2 < 2,000 km2 
AND at least 2 of the following 3 conditions: 
(a) Severely fragmented OR Number of 
locations 
= 1 ≤ 5 ≤ 10 
(b) Continuing decline observed, estimated, inferred or projected in any of: (i) extent of occurrence; (ii) area of 
occupancy; (iii) area, extent and/or quality of habitat; (iv) number of locations or subpopulations; (v) number of 
mature individuals 
(c) Extreme fluctuations in any of: (i) extent of occurrence; (ii) area of occupancy; (iii) number of locations or 
subpopulations; (number of mature individuals 
 
 
Please refer to the ‘Guidelines for Using the IUCN Red List Categories and Criteria’ 
http://jr.iucnredlist.org/documents/RedListGuidelines.pdf for interpreting the criterion particularly in 
relation to calculating area of occupancy and extent of occurrence.  
Please identify whether the species meets B1 or B2. Include an explanation, supported by data and 
information, on how the species meets 2 of (a) (b) or (c).  
If available include information required by the EPBC Regulations 2000 on: 
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 Whether there are smaller populations of the species within the total population and, if so, the degree of geographic 
separation between the smaller populations within the total population 
 Any biological, geographic, human induced or other barriers enforcing separation 
You must provide a response. If there is no evidence to demonstrate that the geographic distribution is 
precarious for either extent of occurrence AND/OR area of occupancy this must be stated. 
B1 – Restricted. The only area that the species has been recorded as inhabiting in the last ten years or 
more is Groote Eylandt which is 2,378 km2 in total area. (a) I was able to record the species in three 
locations on the island and these populations were fragmented my naturally occurring waterways and 
sandstone escarpments which the species would not be able to traverse. If potential mainland 
populations are extant in Eastern Arnhem Land, these populations are inherently fragmented by 
ocean. (b) It has been confirmed by my study that both the extent of occurrence and area of 
occupancy on Groote Eylandt has declined significantly since observations by Woinarski et al (1999), 
as has the number of subpopulations. A continuing decline was suggested by Woinarski et al 2014 and 
my study supports this suggestion. 
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CRITERION 3 
Criterion 3. Small population size and decline 
 Critically Endangered 
Very low 
Endangered 
Low 
Vulnerable 
Limited 
Estimated number of mature individuals < 250 < 2,500  < 10,000  
AND either (C1) or (C2) is true    
C1 An observed, estimated or projected 
continuing decline of at least (up to a 
max. of 100 years in future 
Very high rate 
25% in 3 years or 1 
generation 
(whichever is longer) 
High rate 
20% in 5 years or 2 
generation 
(whichever is 
longer) 
Substantial rate 
10% in 10 years or 3 
generations 
(whichever is longer) 
C2 An observed, estimated, projected or 
inferred continuing decline AND its 
geographic distribution is precarious for 
its survival based on at least 1 of the 
following 3 conditions: 
   
(a) 
(i) Number of mature individuals in 
each subpopulation  
≤ 50 ≤ 250 ≤ 1,000 
(ii)  % of mature individuals in one 
subpopulation = 
90 – 100% 95 – 100% 100% 
(b) Extreme fluctuations in the number of 
mature individuals 
   
 
Please identify the estimated total number of mature individuals and either an answer to C1 or C2. 
Include an explanation, supported by data and information, on how the species meets the criteria. Note: 
If the estimated total number of mature individuals is unknown but presumed to be likely to be 
>10 000 you are not required to provide evidence in support of C1 or C2 just state that the number is 
likely to be >10 000. 
You must provide a response. If there is no evidence to demonstrate small population size and decline 
this must be stated. 
Low number of mature individuals, C1. Woinarski et al (2014) estimated, with an admitted low degree 
of confidence, the number of mature individuals of the species to be <10,000. In two years and from 
almost 8,000 pitfall trap nights, I captured only 39 individuals of the species. However, this trap 
method could not be used in many locations. My data suggests that there are likely <2000 mature 
individuals on Groote Eylandt. Woinarski et al (2014) estimates the species to continue to decline at a 
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rate of >30% over the next ten years, and with this new estimate of abundance, a decline of 20% in five 
years is a reasonable assumption.  
 
CRITERION 4:  
Criterion 4. Very small population  
 Critically Endangered 
Extremely low 
Endangered 
Very Low 
Vulnerable 
Low 
Number of mature individuals < 50 < 250 < 1,000 
 
Please identify the estimated total number of mature individuals and evidence on how the figure 
derived 
You must provide a response. If there is no evidence to demonstrate very small population size and 
decline this must be stated. 
No evidence of a very small population size. 
CRITERION 5 
Criterion 5. Quantitative Analysis  
 Critically Endangered 
Immediate future 
Endangered 
Near future 
Vulnerable 
Medium-term future 
Indicating the probability of extinction in the 
wild to be:  
≥ 50% in 10 years or 3 
generations, 
whichever is longer 
(100 years max.) 
≥ 20% in 20 years or 
5 generations, 
whichever is longer 
(100 years max.) 
≥ 10% in 100 years  
 
Please identify the probability of extinction and evidence as to have the analysis was undertaken. 
You must provide a response. If there has been no quantitative analysis undertaken must be stated. 
There has been no quantitative analysis of the probability of extinction in the near future 
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NOMINATED CATEGORY 
Note: after answering the questions relating to the eligibility again the criteria sufficient evidence 
should be available to determine the category for listing. Refer to the indicative threshold criteria at 
Attachment B. 
  Extinct  Extinct in the wild  Critically Endangered 
 X Endangered   Vulnerable  Conservation dependent 
CRITERIA UNDER WHICH THE SPECIES IS ELIGIBLE FOR LISTING 
Please mark the criteria and sub-criteria that apply. 
 Criterion 1 
 
 
 
 
 Criterion 2 
 
 
 Criterion 3 
 
 
 
 
 
 Criterion 4 
 
 Criterion 5 
 
For conservation dependent 
nominations only: 
 A1 (specify at least one of the following) a)  b)  c)  d)  e); 
AND/OR 
X    A2 (specify at least one of the following)  X a)  X b)  c)  d)  e); 
AND/OR 
 A3 (specify at least one of the following) b)  c)  d)  e); AND/OR 
 A4 (specify at least one of the following) a)  b)  c)  d)  e) 
 
X    B1 (specify at least two of the following) X  a)  X   b)  c); AND/OR 
 B2 (specify at least two of the following) a)  b)  c) 
 
X estimated number of mature individuals AND 
either C1 or C2 either a or b 
X   C1 OR 2 of C2 a(i), a(ii) or b 
 C2 a (i)  a (ii) 
 C2 b)  
 
 
 
 
 
 Criterion 1  
 Criterion 2  
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Species Information 
DESCRIPTION 
Provide a description of the species including where relevant, distinguishing features, size and social 
structure  
How distinct is this species in its appearance from other species? How likely is it to be 
misidentified? 
The northern hopping-mouse is the only hopping-mouse species found in Australia’s northern 
monsoonal tropics. It is a medium sized rodent, sandy brown above and white beneath. It has 
extremely large eyes and hind feet and a tail length ~150% of its combined head and body length. 
Mean head and body length of females is 94.3 cm (StD 5.34) and males 89.5 cm (StD 5.93). Mean 
female weight is 40.2 g (StD 3.97) and males 31.7 g (StD 4.61). The species is nocturnal and semi-
fossorial; up to five individuals occupying deep burrows in sandy ground for all of the day and part 
of the night. Females with young occupy burrows alone while non-breeding animals can occupy 
burrows with no fixed arrangement of sexes. The species is morphologically distinct within its range 
and cannot be reasonably confused with sympatric species.  
 
DISTRIBUTION 
Provide a succinct overview of the species’ known or estimated current and past distribution, 
including international/national distribution. Provide a map if available. 
 
Is the species protected within the reserve system (e.g. national parks, Indigenous Protected Areas, 
or other conservation estates, private land covenants, etc.)? If so, which populations? Which 
reserves are actively managed for this species? Give details. 
The 2012 Action Plan for Australian Mammals gives a nation-wide map of occurrence with one 
point of occurrence in coastal Arnhem Land and all others on Groote Eylandt. A map of its 
occurrence on Groote Eylandt, from my results is attached below. Groote Eylandt is Indigenous 
Protected Area, but is not actively managed for the northern hopping-mouse. 
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BIOLOGY/ECOLOGY 
Provide a summary of biological and ecological information. 
 
Include information required by the EPBC Regulations 2000 on: 
 life cycle including age at sexual maturity, life expectancy, natural mortality rates 
 specific biological characteristics 
 habitat requirements for the species 
 for Fauna: feeding behaviour and food preference and daily seasonal movement patterns 
 for Flora: pollination and seed dispersal patterns 
 
Life cycle information is inferred from that of other Notomys spp.; generation length taken to be 2.5 
years with sexual maturity at 3-4 months. Little is known about required habitat characteristics, 
except that deep sandy top soils are imperative for burrow building. Observations from Groote 
Eylandt suggest they prefer a floristically diverse ground and shrub layer with ground cover less 
than 30% density. They can occupy woodland, shrubland or grasslands on sandy substrate. The 
species eats mostly seeds and stems with little invertebrate matter consumed. No seasonal 
movement patterns have been observed. 
 
INDIGENOUS CULTURAL SIGNIFICANCE 
Is the species known to have cultural significance for Indigenous groups within Australia? If so, to 
which groups? Provide information on the nature of this significance if publicly available. 
Not significant to Indigenous groups 
 
ADDITIONAL COMMENTS/INFORMATION 
Please include any additional comments or information on the species such as survey or monitoring 
information, maps that would assist with the consideration of the nomination. 
Draft paper has been provided to Casey Harris, Advisor to the Threatened Species Commissioner  
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Reviewers and Referencing 
REVIEWER(S) 
Has this nomination been peer-reviewed? Have relevant experts been consulted on this nomination? 
If so, please include their names, current professional positions and contact details. 
A draft paper making these recommendations has been submitted to the Australian Journal of 
Zoology, but peer review is not yet complete. 
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